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This project focuses on copper corrosion inhibition using self-assembled 
multilayer organic thin films. Multilayers composed of polymeric or monomeric 
inhibitors were used and the idea was built on the work of other research groups who 
used only a single monolayer of inhibitors. The aim of this project was to surpass the 
current inhibition efficiency offered by current monolayers of inhibitors through the 
multilayers. Main characterization techniques such as Atomic Force Microscopy (AFM), 
Electrochemical Impedance Spectroscopy (EIS) and X-Ray Photoelectrons Spectroscopy 
(XPS) were used to detect the presence of each organic film layer that makes up the 
multilayer structure and to assess the inhibition efficiency.   
 
Several factors affect the overall uniformity, hydrophobicity and extent of organic 
coupling which in turn affect the inhibition efficiency of the organic corrosion inhibitor 
layers. These factors include the type of solvent used, concentration of inhibitors, type of 
inhibitors, and duration of deposition. For example, the first layer of inhibitors were 
chosen with head groups that could bind strongly with copper and terminal groups free 
for organic coupling with subsequent inhibitors deposition. Besides the optimisation of 
the experimental procedures to obtain quality inhibitor films, concerns pertaining to the 
reactivity of copper are addressed through careful selection of solvents and design of 
processing steps. For instance, the solvent was selected based on the minimum reactivity 
with copper.  The second layer of inhibitor consists of reactive terminal groups that could 
couple with the first inhibitor layer and a subsequent capping layer. Finally, a capping 
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layer was used to couple with any remaining uncoupled reactive groups of the second 
layer.  
While it is important for organic inhibitors to adhere strongly to the copper 
surface, it is also equally important to ensure that these inhibitors are easily removed 
without leaving behind organic residues when protection is no longer required. There are 
no industrial methodologies currently developed to remove inhibitor molecules from 
copper surface though several methods have been developed for other metal surfaces. 
Two methods were thus developed, based on the application of heat to desorb the 
molecules from copper surface as well as a stripping bath method based on a method 
used for removing inhibitors from steel surface. The components of the bath were 
adjusted to be mild on copper surface. Characterization techniques were used to 
determine the efficacy of the two proposed techniques.   
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1.1 GENERAL BACKGROUND  
 
 Copper is a commonly used metal in industries due to its ductile nature and high 
thermal and electrical conductivities. Its widespread uses can be found in copper wires, pipes 
and other building materials around the world. In addition to the above properties, copper is 
germicidal as well, making it an excellent material for furniture [1].   
 Copper has also found its way in semiconductor applications. Ever since its 
introduction by International Business Machine (IBM) in 1997 as a material for 
interconnects, it is slowly pushing aluminum interconnects to obsoleteness. The first Giga-
Hertz rated microprocessor was produced by Advanced Microelectronics Device (AMD) in 
March 2000 where copper interconnect was used [2].  
 Copper is a better material compared to aluminum due to two primary reasons. 
Firstly, copper has a lower resistivity compared to aluminum. Its resistivity is 1.7  -cm, 
while that of aluminum is 2.7  -cm [3]. A lower resistivity lowers resistance and in turn 
decreases resistance-capacitance (RC) delay, hence enabling the creation of high speed 
electronic devices. Secondly, copper has a higher resistance to electromigration, a 
phenomenon where metal atoms are dislodged from their lattice position and swept along by 
electrons during a current flow. Copper has a tenfold resistance to electromigration and stress 
migration compared to aluminum, owing to its greater mass and stronger metallic interaction 
[3]. Electromigration leads to local depletion or accumulation of material, which causes line 
breakage or shorting correspondingly, hence posing severe reliability issues in interconnects. 
With higher resistance to electromigration, copper interconnects thus reduce the occurrence 




Despite having several advantages over aluminum, copper oxidizes and corrodes 
easily and uncontrollably. This is because copper does not form a protective oxide layer like 
aluminum which prevents further corrosion. In merely 2 minutes, copper oxide layer can 
form to a thickness of 1-1.5nm upon exposure to air [4]. In aqueous medium with 
polarization, water present in the electrolyte oxidizes copper according to the chemical 
equations (1.1-1.3): 
2Cu + H2O -2e
- 
<-> Cu2O + H
+
      (1.1) 
Cu2O + H2O -2e
- 
-> 2CuO + H
+      
(1.2) 
Cu2O + 3H2O -2e
- 
-> 2Cu(OH)2  + H
+     
(1.3) 
Figure 1.1 shows the oxide layers formed on copper surface upon exposure to water [1].  
 
Figure 1.1 Schematic diagram showing copper oxidation process in water 
 
In semiconductor processes, copper interconnects encounter corrosion issues when 
they are exposed to aqueous process fluid or plasma etching. Conventional oxygen plasma 
that is used to remove photoresist after via etching caused copper interconnects to oxidize 
easily. During Chemical Mechanical Polishing (CMP), both tantalum, which is used as an 
interlayer between copper and silicon dioxide, and copper are exposed when the bulk copper 
is removed. Galvanic coupling occurs where tantalum provides the anodic site.  
 2Ta + 5H2O - > Ta2O5 + 10H
+ 
 + 10 e
-
     (1.4) 
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Tantalum is a refractory metal so it forms a thermodynamically stable and passive oxide 
film. Copper provides a cathodic site for the galvanic coupling: 




- > 2Cu + H2O      (1.5) 
Copper oxide is reduced to copper which in turn is continuously exposed to corrosive 
agents during CMP [5]. The need thus arises for protection against corrosion of copper.   
 Research on copper corrosion inhibition has been ongoing for many years. The 
addition of an organic inhibitor, a reagent capable of converting an active corrosion process 
to a passive one, is a commonly employed method. Adding inhibitor is popular in industries 
because it can be implemented without causing disruption to the process [6]. For example, 
during CMP in semiconductor processes, benzotriazole (BTA) is mixed together with the 
slurry. These inhibitors self assemble on the copper surface, limiting corrosion process on 
copper. In addition, they act as a cushion layer against the harsh abrasives, minimizing 
scratches. Researchers are still continuously searching for the best inhibitor that could 
provide the highest corrosion inhibiton [1], with some groups heading in the direction of 
promoting environment friendly corrosion inhibitors [17]. 
 The duration of protection by the inhibitors rely on individual processes. While some 
process requires copper to be protected for as long as possible, other processes just require 
temporary protection against corrosion. In the case of copper interconnects, corrosion 
inhibitors are bonded to the copper surface. Prior to the next process step, it is essential that 
these corrosion inhibitors are removed so that they do not contaminate the surface. Cleaning 
methods, thus, have to be developed to remove these inhibitors 
 
1.2 CORROSION & ITS CLASSIFICATION 
 
Corrosion is brought about by environmental factors such as humidity, acid rain etc. 
and results in damages to materials during their useful life. Feng et al reported that a higher 
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humidity of the air resulted in an increased corrosion rate of copper[10]. According to a US 
study, 4.9% of the GNP of industrialized nations has been attributed to direct costs of 
corrosion [7]. Corrosion may then lead to other costs such as loss of efficiency, 
contamination and power failures.  In addition, it is also estimated that 40% of the copper 
produced is used for replacement of corroded copper [8]. 
 There are many forms of corrosion and is based on the environment in which they 
occur. For instance, there are low-temperature and high-temperature corrosion, direct 
oxidation, electrochemical corrosion, dry corrosion and wet corrosion.  There are two general 
types of corrosion; General and Localised. General corrosion is caused by chemical and 
electrochemical reactions and occurs over the entire area while localised corrosion attacks 
only specific area of the structure. Some of the different forms of corrosion are as shown 
below [9]:  
(i) Galvanic corrosion – A corrosion process driven by the difference in potential of 
two different metals coupled together in a corrosive media. This occurs in the case 
of copper and tantalum during CMP.  
(ii) Crevice corrosion – A corrosion process driven by the concentration differences in 
metal ions or dissolved oxygen between the interior of the crevice and the 
surroundings, causing accelerated corrosion within the crevice.  
(iii) Pitting corrosion – A corrosion process catalysed by the breakdown of corrosion 
inhibiting films, causing pits to be formed. The pits amay be deep, shallow or 
undercut.  
(iv) Intergranular corrosion – A corrosion process ocurring mainly at grain boundaries 
or their adjacent regions , at times causing grains to segregate out of the surface 
due to reaction impurities or passivating elements such as chromium which may 
be depleted at the grain boundaries.  
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(v) Dealloying (selective corrosion) – A corrosive process that occurs to an alloying 
element which is electronegative to the host element. 
(vi)  Erosion corrosion – A corrosive process resulted from mechanical action of the 
corrosive agent over the metal surface. This occurs in the case of CMP as well.  
(vii) Stress corrosion crack (SCC) – A corrosive process that occurs due to the 
combination of a tensile stress and the presence of a corrosive environment. The 




1.3 CORROSION PROTECTION TECHNOLOGIES 
 
 Corrosion is inevitable but it can be brought to control by observing the following [9]:  
(i) Material selection – A wise choice of metal that is able to withstand corrosion 
during its application, together with proper process design can reduce corrosion 
occurrence. The choice of metal is made based on prior knowledge of the behavior 
of the metal in the industrial media.  
(ii) Adjustment of the operating environment– Process conditions may be tailored to 
reduce corrosion rate. Some of these changes in process conditions include 
lowering of temperature, concentration of corrosive agents, flow rate and addition 
of oxidizing scavengers.  
(iii) Design – Corrosion may lower mechanical strength of a structure and hence, 
allowance for corrosion has to made during a design. Dissimilar metals, vapor 
spaces, uneven heat and stress distribution lead to corrosion problems.  
(iv) Use of corrosion inhibitors – Corrosion inhibitors are classified on the basis of 
their functions. Chromates and nitrates are classified as passivating inhibitors 
because of their passivative actions. Silicates inhibit both anodic and cathodic 
reactions and at the same time, precipitate iron particles. Other inhibitors may 
reduce corrosion by making the environment more alkaline. Figure 1.1 shows the 




Figure 1.2 Classification of inhibitors  
 
Several factors must be taken into consideration in the selection of the type of 
inhibitor for a particular application. Such factors include: 
 Effect of temperature and concentration on the efficacy of the inhibitors 
 Toxicity and pollution problems 
 Effect of inhibitor on heat transfer characteristics etc.  
(v) Cathodic protection – An external electrical supply to a metal may limits its 
corrosion. For instance, a metal could be polarized cathodically, allowing current 
to flow to the metal to reduce corrosion. Galvanic coupling of two metals may 
induce cathodic polarization as well. In the presence of acids, however, cathodic 
protection may not be favoured due to the release of hydrogen gas which may lead 
to embrittlement of the metal.  
(vi) Anodic protection – This method works only on certain metals that are able to 
form a self-passivating oxide film. Anodic current applied to the metal causes 
formation of an oxide film. One disadvantage of this method is that part of the 
metal is being consumed during the formation of the oxide film. In addition, 
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anodic protection is not effective in a Cl
-
 environment due to passive film 
breakdown and subsequent induction of pitting corrosion. 
(vii) Uses of protective coatings - Coatings are classified based on materials into four 
main types: metallic coatings, polymeric coatings, conversion coatings and glass 
and cement coatings. Metallic coatings are usually made of a noble metal that 
insulates the underlying base metal from the corrosive species, or an active metal 
that provides sacrificial protection. A polymeric coat provides a barrier against 
corrosion. Some corrosion inhibitors can be classified under polymeric coat. 
Conversion coatings such as phosphates, chromates and mixed oxides are 
produced by the controlled corrosion of metal to form adherent and protective 
corrosion products on the metal surface. Glass and cement coatings are sed in acid 
and wastewater application. 
 However, a coating does not have an infinite lifetime and is bound to develop defects 
such as pit holes. This results in localized corrosion taking place. Hence, in addition to 
coating, other corrosion protection techniques may be used in conjunction to enhance overall 





1.4 CORROSION TESTING BY ELECTROCHEMICAL IMPEDANCE 
SPECTROSCOPY 
 
Electrochemical corrosion tests are carried out to investigate the corrosion protection 
ability of an organic inhibitor film. This characterization method works based on the principle 
behind metal corrosion. When a metal corrodes in an aqueous medium, the metal atom loses 
electrons and becomes oxidized as a cation. The metallic cation then enters the aqueous 
media. In an electrochemical setup, the aqueous media is the electrolyte which contains 
electrochemically active dissolved species that readily accepts the electrons. The transfer of 
electrons then allows one to make electronic measurements and study metal corrosion. 
Simultaneous cathodic and anodic reactions occur on the metal surface. Electrochemical 
corrosion tests have been attractive to many investigators, because they operate on the 
mechanism of the corrosion and offer an efficient way to accelerate the corrosion process.  
According to Faraday’s 1st law of electrolysis, the mass of substance at the electrode 
altered depends on the amount of electricity transferred to the electrode.  The mass of 
substance altered is also proportional to the equivalent weight of the element according to 
Faraday’s 2nd law of electrolysis. The equivalent weight of an element is the molar weight of 
the element divided by an integer that depends on the reaction undergone by the material. The 
laws of electrolysis can be summarized as an equation as shown below [11]: 






     (1.6) 
where icorr is the corrosion current density,   is the specimen density and Eq. wt is the 
equivalent weight of the metal. In general, the corrosion current density shown in Equation 
(1.6) is not directly measurable, because it is exactly balanced by a cathodic current density. 
However, it is possible to estimate the corrosion current density by electrochemical 
impedance studies.  
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 Electrochemical impedance is the study of the variation of total impedance of an 
electrochemical cell with the frequency of a small-amplitude AC perturbation. Unlike 
polarisation studies, a popular direct current (DC) technique which provides information 
about the rate determining step, electrochemical impedance is an alternating current (AC) 
method that provides internal dynamics of the system which DC technique could not. Other 
advantages of electrochemical impedance study include it being a non-destructive and in-situ 
technique. Electrochemical impedance has been largely applied in corrosion, energy storage 
devices, semiconductors etc as it provides complete overview of the electrochemical 
interface.  
The electrochemical interface [18] is depicted in Figure 1.3. 
 
Figure 1.3 Electrochemical interface (NOVA – Autolab) 
 













         (1.7) 
During the electrochemical impedance test, a small sinusoidal potential is applied to 
generate a small sinusoidal current response in which the response of the currents lags by a 













       (1.8) 
The impedance is computed by the taking the ratio It and et from equation 1.8 and the 





A Nyquist plot is generated when imaginary impedance is plotted against real 
impedance and the larger the semicircle, the greater the impedance. A bode plot is a plot of Z 
and phase against frequency in a semi-logarithmic graph.  
 
Figure 1.4 3D plot of Z real, Z imaginary and frequency (NOVA –Autolab) 
The basic components in AC circuits are resistors and capacitors. For a resistor, 
ohm’s law holds at all frequencies. The impedance is thus equal to the resistance while phase 

































For a pure capacitor, the impedance is frequency dependent and the impedance is 












         (1.21) 
To determine the resistance of the organic inhibitor film, an equivalent circuit model 
has to be chosen. For an organic film covered metal surface, an equivalent electrochemical 
cell circuit model is fitted to the experimental values to obtain the required parameters. A 
typical circuit model is the Randles cell model usually shown in Figure 1.5. 
 
Figure 1.5 Randles cell model 
 
Rs refers to the uncompensated solution resistance. It depends on the ionic 
concentration, type of ions, configuration of cell, temperature and conductivity etc. Its value 
ranges from 1 to 100 Ω for aqueous solvent and 100 to 10 K Ω in organic solvents. Cdl refers 
to the double layer capacitance. For organic film covered metal, this parameter would be 
dependent on the organic coating and is usually replaced with the constant phase element 




. The impedance of 













Where n= 1 (capacitor), n = 0 (resistor), n = 0.5 (porous electrode), 0.5 <n <1 (rough 
electrode).  
Rp refers to the polarization resistance and is dependent on the electron transfer 
kinetics and temperature. It is otherwise known as charge transfer resistance.  It ranges from a 
few Ω to more than 10 G Ω from slow to fast kinetics. The greater the polarization resistance 
is, the higher the corrosion inhibition efficiency of the film.  





















     (1.23) 
The Warburg element (W) has a phase angle of 45 degrees.  
Through analysis of the model circuit with its components compared with the 
experimental data plotted on the Nyquist and Bode plot, the individual resistances and 
capacitance can be computed.  
 
1.5 OBJECTIVES & SCOPE 
 
 Copper is widely used in various industries and in microelectronics industry, it is 
replacing aluminum interconnects. Despite its many advantages, copper is susceptible to 
oxidation and corrosion and hence it is important to understand its corrosion mechanism and 
devise schemes to protect copper to preserve its useful characteristics. Most research groups 
focuses on a single monolayer of inhibitors for corrosion inhibition. However, defects could 
be present in single layers of organic inhibitors and depositing multiple layers of organic 
inhibitors may be able to cover the defects and exceed the highest inhibition efficiency a 
single monolayer of inhibitor may achieve.  
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It is equally important to investigate methods which could be used to remove these 
organic inhibitors after the inhibition is not required. A good cleaning methodology ensures 
that no organic inhibitors are left on the copper as contaminations for the next process step.  
The overall objectives of this project are to investigate the possibility of exceeding the 
current corrosion inhibition efficiency achieved by a single layer of inhibitor through building 
a multilayer organic inhibitor structure. After the deposition of the organic inhibitors, the 
project aims to investigate ways to remove these organic inhibitors so that minimal residues 
are leftover before the next processing steps.  
 
1.6 ORGANIZATION & PRESENTATION OF THESIS  
 
 This thesis is organized into eight chapters including the introductory chapter. 
Chapter 2 is a literature review on the various aspects of an effective corrosion inhibitor for 
Cu including chemical (i.e., functional groups) and physical (i.e., structure) characteristics, 
forces of interaction, type of adsorption (chemical or physical bond) and other external 
parameters (e.g., temperature, concentration, immersion time and solvent used). Chapter 3 
presents all the experimental procedures performed in this work. Chapter 4 focuses on the 
results and discussion on the inhibition efficiency of the first layer of inhibitors and how the 
conditions in which they are deposited (initial condition of copper substrate, solvent type) 
affect the film. Chapter 5 presents the results of the coupling of a second inhibitor monomer 
or polymer on the first. The change in topography and most importantly, the improvement in 
the resistance to corrosion compared to a single layer of inhibitors is discussed. Chapter 6 
explores the addition of a final capping layer to the 2
nd
 inhibitor layer which eliminates any 
surface reactive groups and renders hydrophobicity to the inhibitor structure. Chapter 7 
analyses two different methods in the removal of the organic inhibitor films after inhibition is 
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LITERATURE REVIEW OF COPPER CORROSION 
INHIBITORS 
            
 A literature review is presented in this chapter to provide a general background of the 
documented research studies on the topics pertaining to this research. Three major aspects 
are: (1) Corrosion behavior of Cu in CMP slurries and post-CMP cleaning solutions. (2) 
Corrosion protection of copper by the means of organic inhibitors. (3) Basic concepts of Self-
Assembled Monolayers.(4) Organic coupling to build multilayer of inhibitors.  
 
2.1 COPPER CORROSION IN CMP PRE-CLEAN AND CMP SLURRIES 
2.1.1 PRE-CLEAN BEFORE CMP 
 
An In-Situ platen 3 (P3) chemical CMP preclean is sometimes used to reduce the 
amount of scratches created during CMP process. An acidic chemical such as sulphuric acid 
is usually used but this may lead to line edge recession as shown below [7]: 
 Figure 2.1 Line edge recession 
Copper corrodes in aerated sulphuric acid solution according to the two equations 
shown below [3-6]: 
  eCuCu 222 2          (2.3) 
  eCueHOCu 22242 22       (2.4) 
The oxidation of Cu(I) to Cu(II) shown in equation 2.4 is the rate-controlling step in copper 
corrosion. In the presence of Cu
2+ 





as shown in equation 2.5. This shows that copper corrosion is not self limiting and continues 
as long as fresh copper is exposed to oxygen and any aqueous corrosive medium.  
  CuCuCu 22          (2.5) 
The corrosion rate and the mechanism of copper corrosion have been shown to 
depend on the impurities in the metal and the acid solution [7]. The greater the amount of 
impurities and the higher the concentration of acid are, the faster the corrosion rate [7].  
 2.1.2 CHEMICAL MECHANICAL POLISHING (CMP) 
 
Chemical Mechanical Polishing of copper is a method to remove material through 
rotating a copper coated wafer and pressing it against a rotating poly-based pad filled with 
abrasive slurry particles [1]. The typical removal rate in a manufacturing process is 3000 
angstroms per min [9]. Chemicals are present in the slurry to enhance the removal rate 
through corrosive actions with copper. A typical slurry contains citric acid, hydrogen 
peroxide and colloidal silica particles which act as abrasives. Hydrogen peroxide acts as an 
oxidizer to oxidize copper to copper oxide, which is easier to remove than copper films. 
Citric acid then removes the copper oxide through a dissolution process, together with 
physical abrasion [2]. Copper is removed faster through a galvanic coupling process towards 
the end of the CMP process. Figure 2.2 shows the profile of the integrated microcircuit 
towards the end of the CMP process [2].  
 
Figure 2.2 Cross section of copper interconnects 
As mentioned in Chapter 1, galvanic coupling between the exposed tantalum and 
copper towards the end of CMP process accelerates the corrosion of copper. In addition to 
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this, CMP also creates a list of other defects which could be addressed through the use of 
inhibitors. The list of defects is as follow: 
1. Rough copper surface corrosion 
2. Crevice corrosion 
3. Scratches 
4. Organic residues 
5. Remaining metals 
6. Peeling  
7. Residual slurry 
Rough copper surface corrosion occurs when a copper surface is exposed to corrosive 
medium, degrading device yield. Crevice corrosion occurs when corrosion occurs below a 
precipitate on copper surface; creating trenches in the copper line etch. Crevice corrosion 
affects the lifetime of time dependent dielectric breakdown (TDDB) [2]. These defects have 
implications on reliability issues especially in technologies using low K dielectric. To address 
these issues, inhibitors are added in CMP slurries to passivate copper. In passivation 
chemistry, copper becomes covered with a protective layer and is removed through repetitive 
cycles of passivation and mechanical abrasion of the passivating layer and dissolution of 
copper. In addition, corrosion inhibitors are also known to act as abrasion buffers to reduce 
scratches [8]. A commonly used inhibitor is Benzotriazole (BTA).  In this project, further 
efforts to curb these defects will be made.  
 Organic residues, remaining metals, and residual slurries are contaminants left on the 
copper surface after CMP and they have to be removed in a post-CMP clean step. Organic 
residues refer to the leftover corrosion inhibitors or any other organic sources after CMP. If 
not properly removed, these organic residues affect subsequent metallization layers and block 
etching as well. Hence, removal of these organic residues is necessary. Remaining metals 
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may result in shorting of current. Residual slurries act as contaminant to copper surface. A 
post-CMP clean step involves rinsing the wafer in oxalic acid aqueous solutions and de-
ionised water [2]. However, it is noted that organic inhibitors usually adheres strongly via a 
chemical bond with the copper surface and that there is no specific method to remove them. 
A post-CMP clean step may not be thorough enough to completely remove them. Two 
methods aimed at the removal of these inhibitors are investigated in this project.  
 
2.2 ORGANIC CORROSION INHIBITORS 
2.2.1 BENZOTRIAZOLE (BTA)  
 
BTA has been widely used in various industries for the protection of copper and its 
alloys [10-16]. For instance, it is being used in dishwashing detergents for silver protection. 
[19] In microelectronics industries, it is found in CMP slurries as well as copper plating baths 
[17]. BTA is a colourless solid that is soluble in polar solvents, including water. At a 
concentration of 10 ppm, BTA was capable of protecting copper from corrosion in acidic and 
neutral solutions up to 90 days. When the concentration was increased two times, BTA could 
provide satisfactory protection of copper in a closed circuit water-cooling system [18].  
2.2.1.1 INHIBITION MECHANISM OF BENZOTRIAZOLE 
 
The structure of Benzotriazole is as shown below. The benzene ring in the molecule is 
symmetrical and the bond orders of the N-N bonds are equal. Hence the  -electrons are 
delocalized over the 5- and 6-membered ring systems. Due to this, the molecule adopts a 
parallel configuration relative to the copper surface when concentration of benzotriazole 
during self assembly was low. This was confirmed by Thierry and Leygraf [20], who used 
Surface Enhanced Raman Spectroscopy to investigate molecular orientation dependence on 
concentration. In addition, they also observed that when higher concentration of 
benzotriazole was used during deposition, a strong frequency shift of the triazole ring 
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breathing mode occurred, which can be attributed to a charge transfer relation between the 
molecule and the copper substrate in the perpendicular configuration. Fang et al [21] 
proposed binding of the first chemisorbed BTA layer to the Cu and Cu(I) surface through the 
nitrogen lone pair on the triazole ring based on a UV photoemission measurement in UHV. 
Hydrogen bonding between the hydrogen on the aromatic ring and the nitrogen atom of the 
adjacent benzotriazole molecule then stabilizes the molecule in a perpendicular orientation. 
The proposed structure is shown in Figure 2.3. Zonnevylle and Hoffmann [22] reported 
extended Huckel tight-binding calculations of BTA
-
 on a one-layer Cu(111) slab. These 
results support the experimental results and conclusions from Fang et al. [21]. 
 
 
Figure 2.3: A proposed structure for the first chemisorbed layer of BTA on Cu [27]. 
 
2.2.2 OTHER COPPER CORROSION INHIBITORS 
2.2.2.1 ALKYL AND AROMATIC AMINES 
 
Alkyl and aromatic amines are known to be effective corrosion inhibitors of copper in 
different types of media [50,51]. The nitrogen atom present in amine group, a polar group, is 
capable of binding themselves to the copper surface through the lone pair of electrons.  
Alkyl amines such as ethylenediamine have been used as corrosion inhibitors of steel 
[52]. Alkyl diamines adsorb on the substrate surface through different configuration due to 
the flexible backbone as shown in Figure 2.4 [61]. The probability of the configurations are 
computed from the partition function for mixtures of polymer and its solvent.  
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Aromatic amines such as phenyleneamine are common copper corrosion inhibitors as 
well [43]. Srivastafa et al [43] studied the corrosion inhibition of the Cu–Cd alloy in a nitric 
acid solution with o-, m- and p-phenylenediamine and they found that these compounds 
show effective inhibition efficiencies.   
 
 
Figure 2.4 Different configurations of long alkyl diamine molecules on stainless steel 
surface 
 
 The bond between amine and copper is similar to the bond between the azole group 
and copper. The electron lone pair on the nitrogen atom of the amine functional group 
coordinates themselves with the partially filled 3d orbitals of copper atoms.  
Other uses of amines include their use in semiconductor surfaces cleaning solutions 
after CMP to remove inorganic contaminants such as aluminium oxides from slurry particles 
[57].  
 
2.2.2.2 ALKYL AND AROMATIC THIOLS 
 
Compared with benzotriazole and amines which bond to copper surface through the 
lone pair of electrons, organic thiols bond to copper via a strong thiolate bond [52]. The 
assembly of thiols on copper is so spontaneous that at the lowest temperature of 110K, an 
ordered layer of phyisorbed dodecanethiol molecules is observed [59]. The phyisorption 
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energy becomes so large that the transition into chemisorbed species (thiolate species) occurs 
before the desorption of the phyisorbed species [56].  
Self assembled monolayers formed by adsorption of alkyl thiols and disulfides from 
solution onto gold surfaces have been shown to provide protection against corrosion 
[23,24,25]. Laibinis and Whitesides [26, 27] reported that n-alkanethiols adsorb from solution 
onto copper surfaces and form densely packed oriented self-assembled monolayers (SAM). 
The SAM then protects copper against corrosion by forming a barrier between copper and 
oxygen. The group further reported that an increase in the length of the adsorbates decrease 
the rate of oxidation at the copper surface. The longer alkanethiols can provide an efficient 
barrier towards heterogeneous electron transfer and ion penetration [28-32]. Comparatively, 
shorter alkanethiols demonstrate poorer packing and organization, leading to the formation of 
pinholes within the films and in turn, residual electroactivity [33].  
Compared to alkylthiols, fewer investigations were made with regards to aromatic 
thiols. These aromatic thiols have been shown to self assemble on copper surface to form 
compact layers bonded through the S atom [45]. Some research groups observed the aromatic 
rings to take on an upright position instead of lying flat on the copper surface despite an 
expected bonding between the conjugated double bonds on the benzene ring and the copper 
surface [34-36, 45]. Aromatic thiols are shown to provide better protection against corrosion 
than alkyl thiols of approximately the same length [37] Shifts in the IR peak positions also 
indicate that aromatic thiols bond to copper substrate more strongly than their aliphatic 
counterparts [53]. This is attributed to their higher rigidity and stronger intermolecular 
interactions compared to their aliphatic counterparts [38]. Aromatic thiols also allow 
substitution in the ortho, meta and para positions which allows further investigation into the 
effect of the substitution position on inhibition properties [45]. It was found that 4-ATP 
formed the densest film on gold compared to 2 and 3-ATPs [45]. 
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In my work, 4-ATP is chosen for its rigidity and ability to form a dense film. In 
addition, the amine terminal group would be freely available for further coupling with other 
inhibitors compared with 2 and 3-ATP where coupling between the adjacent molecules 
occurs via hydrogen bond as shown in Figure 2.5. 
 
Figure 2.5 Organic coupling between adjacent 2-ATP molecules 
 
 4-ATP has already been used to modify the surface characteristics of gold towards 
the adsorption of positively and negatively charged ions as a function of pH [46].  However, 
Mohri et al [47] found that 4-ATP in ethanolic solution is spontaneously oxidized to 4,4 – 
diaminodiphenylsulfide (Figure 2.6) in the presence of gold. Desorption of gold thiolate has 
also been found to occur in the presence of water, forming sulfates [47]. The desorption of 
thiol from gold is shown in equation 2.6 






     (2.6)  
 
 
Figure 2.6 4,4 – diaminodiphenylsulfide 
 




2.2.2.3 THIOLATE BOND 
 
 Copper is prone to oxidation, forming a layer of native oxide on copper which 
interferes with the self assembly of corrosion inhibitors. However, Z. Mekhalif et al  have 
shown that organothiols are able to deposit themselves on copper oxide [39]. This is because 
the thiol group is acidic and could act as an efficient cleaner of copper oxide. The removal of 
copper oxide by the organothiols is shown in their XPS results (Figure 2.7). The satellite 
peaks coming from Cu(II) species are clearly removed with the deposition of dodecanethiol.  
  
Figure 2.7 Cu2p XPS spectra of dodecanethiol deposition on copper oxide 
 
The reaction mechanism of CuO reduction has been mentioned in several works [40-42].  
The chemical equation for the CuO reduction is shown in Equations 2.7 and 2.8. 
A reduction of CuO by organothiols occurs until all CuO are reduced before deposition of 
organothiols on the copper surface. 
1. 2HSCH3 + 2CuO -> (SCH3)2 + Cu2O + H2O    (2.7) 
2.  Cu2O + 2RSH -> 2CuSR + H2O.     (2.8) 
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Calderon et al [43] has come up with a molecular depiction of what occurs during an 
adsorption of organothiol on copper oxide surface. In Figure 2.8 (a), methanethiol is 
coordinated to the Cu surface, which acts as the Lewis acid site, attracting the lone pair of 






coordinated to copper 
Hydrogen atom is halfway between 
sulphur and oxygen atom of copper 
oxide.  
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Oxygen atom of copper oxide 
Copper atom 
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Figure 2.8 Assembly process of methanethiol on copper oxide surface 
. 
  The reaction between thiol and copper oxide has a low activation barrier of 
4.2kcal/mol and is exothermic by 5.8kcal/mol [43]. It is also noted that with the removal of 
oxygen atoms, clustering of the copper atoms occur, as well as the bicoordination of 
methanethiol molecules.  
L. Carbonell et al noted a higher copper surface coverage on oxidized copper surfaces 
compared to clean copper surfaces by decanethiol and benzenethiol through the observation 
of a higher S/Cu ratio with XPS analysis and a greater surface roughness with AFM 
microscopy analysis [55].  
Hydrogen from another methanethiol 
transferred to OH group formed initially.  
OH group formed initially.  
Water molecule formed.   







Self-assembly (SA) is described as the spontaneous formation of complex structures 
from pre-designed building blocks, typically involving multiple energy scales and multiple 
degrees of freedom. Self-assembly is particularly attractive over other coating methods for 
applications in corrosion inhibition for the following reasons: 
1. Ease of preparation – the film forms through a simple chemisorption process, yet at the 
same time enabling strong adhesion to the metal surface. 
2. Tunability of surface properties – the chemical composition of the film can be tailored 
by design and synthesis of adsorbates. 
3. Conformality – film formation is conformal, allowing objects of any shape to be coated. 
4. Use of the self-assembled monolayer (SAM) as the building blocks in more complex 
structures – the thickness of the film can be controlled at the angstrom level by the 
selection of adsorbates and docking of additional layers to a surface; 
5. Possibility of lateral structuring in the nanometer regime – molecules can be cross-
linked to yield more robust film properties. 
6. Characterization – the molecular thickness of the films allows the use of common 
surface analytical techniques to determine the chemical state and composition of species at 







2.3.1 KINETICS OF SELF-ASSEMBLY 
 
Self-assembled monolayers are ordered molecular assemblies that are formed 
spontaneously by the adsorption of a surfactant with a specific affinity of its headgroup to a 
substrate. Self assembly process is a simple and straightforward method which will self-
terminate upon formation of the first layer [60]. It has been observed that adsorption depends 
mainly on certain physic-chemical properties of the inhibitor molecule such as functional 
groups, steric factors, aromacity, electron density at the donor atoms and P-orbital character 
of donating electrons as well as on the electronic structure of the molecules. The most 
important prerequisites for compounds to be efficient inhibitors are that substances should 
chemisorb on the metal surface. In other words, they should have high adsorption energy on 
the metal surface which results in higher inner layer thickness of the barrier film formed [44].  
A self-assembling molecule can be divided into three parts as shown in Figure 2.9. 
The first part is the head-group that chemisorbs (the most exothermic interaction) on the 
substrate surface, resulting in a very strong molecular-substrate interaction. The energies 
associated with the chemisorption are in the order of hundreds of kJ/mol [58]. As a result of 
the exothermic head-group substrate interactions, molecules try to occupy every available 
binding site on the surface and in this process they push together molecules that have already 
been adsorbed. The second molecular part is the body (e.g., an alkyl chain or an aromatic 
ring), and the energies associated with its interchain van der Waals interactions are at the 
order of tens of kJ/mol [58]. The formation of an ordered and closely packed assembly starts 
only after molecules are put in place on the surface. Van der Waals interactions are the main 
forces in the case of simple alkyl chains (CnH2n+1). On the other hand, if a polar bulky group 
is substituted into the alkyl chain, there are also long-range electrostatic interactions that, in 
some cases, are energetically more important than the van der Waals attractive forces. The 
third molecular part is the terminal functionality, which, in the case of a simple alkyl chain, is 
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a methyl group. The energy associated with this process is of the order of a few kTs, where k 
is the Boltzmann constant, and T is the absolute temperature. Together, these three parts are 









Intermolecular van der 
Waals interactions 
Chemisorption at surface 
Surface properties e.g. hydrophobicity, 
electrostatic repulsion. 





2.3 BUILDING MULTIPLE ORGANIC INHIBITOR LAYERS ON COPPER 
 
It is found that formation of a single monolayer on a metal substrate is not enough to 
provide 100 percent protection against corrosion due to the presence of pit holes. These holes 
could be covered up with subsequent polymeric or monomeric deposition via a process 
known as organic coupling or chemoselective immobilization [58, 59].  
Organic coupling of bifunctional molecules to clean silicon surface has been performed by 
several research groups [47]. The principle behind organic coupling is to use bifunctional 
molecules where one of the functional groups forms a chemical bond with the substrate while 
the other functional group is freely exposed for bonding with a second organic molecule. 
Figure 2.10 shows organic coupling of molecules on silicon.  
 
Figure 2.10 Organic coupling of molecules on silicon 
 
To achieve a smooth and robust monomer or polymer multilayers, it is important to 
develop an assembly approach via covalent bond formation. The assembly should be simple 
and kinetically favourable. Lee et al. [48] has achieved this assembly through a highly 
chemoselective and kinetically facile reaction between aldehyde (or ketone) with 
alkyloxyamine. Kinetic studies even showed that a few minutes are required to covalently 
immobilize a polymer single layer.  
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A reaction that will be employed in organic coupling of multilayers in this work 
would be that between anhydrides and amines. The reaction occurs due to the lone pair of 
electron on nitrogen that reacts with positively charged centers. The reaction scheme is as 
shown in Figure 2.11: 
 
Figure 2.11 Reaction between amine and anhydride functional groups 
 
The coupling reaction is fast but does not proceed to completion. A.Ya. Ardashnikov 
et al immersed an equimolar mixture of phenyl anhydride and anilne in solution for reaction 
to take place for 30 minutes and did not achieve a 100% yield [49]. They attribute this to the 
equilibrium nature of the reaction shown in Figure 2.12. 
 
Figure 2.12 Equilibrium reaction between anhydride and amine 
 
The equilibrium constant is a ratio of the product the concentration of the products to 
the reactants as shown in Equation 2.9.  
         (2.9) 
It is found that the equilibrium constant relies on the structure of the amine and the 
solvent type [49]. The higher the availability of the lone pair of electrons on the amine group, 
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the more basic the molecule and hence the greater the K. For instance,  electron donor 
substituents (CH3, CH3O, (CH3)2N) at the p-position of an aniline molecule is capable of 
increasing the K.  
In addition, it was found that an increase in solvent basicity displaces the reaction to 
the right [49]. On changing the solvent from acetonitrile to tetrahydrofuran, the magnitude of 
K increased 10 folds. In dimethylacetamide, the magnitude of K is even higher. However, it 
is to be noted that a highly basic solvent has the ability to corrode copper surface and should 
be avoided. Hence, tetrahydrofuran is a good solvent for reaction to take place on a copper 
substrate as this solvent is found to have no effect on copper while displaying basic properties 
which increases the yield of amide linkage [49].  
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2.4 REMOVAL OF ORGANIC FILM FROM METAL SURFACE  
 
Organic films are used widely to retard the process of corrosion of metals and to 
prolong the working life of them. Occasionally, the film coatings have to be removed to 
allow subsequent steps to take place.  
In semiconductor industries, no method is specifically developed to remove these 
coatings after a CMP process. It is, however, important to remove all traces of the organic 
inhibitors so as to reduce the amount of contaminants  
While no methods are yet to be developed to remove inhibitors from copper surface, 
the removal of inhibitors from steel and other metals have been investigated [54]. Typically, 
two common methods are used to remove these coatings; caustic baths and halogenated 
solvents. The caustic bath method, however, utilizes caustic chemicals and elevated 
temperatures which could be potentially harmful to the substrate if process controls are not 
monitored carefully. Halogenated solvents, on the other hand, work well in low temperatures. 
However, they are subjected to volatilization and require strict environmental control, such as 
volatile reclaiming units.  
A stripping bath has been designed as an alternative to the methods discussed [54]. 
The stripping bath is said to be non-volatile and does not corrode the metal substrate, making 
it more environmentally friendly and less harmful to the metal surface. The patented method 
is proven effective in removing organic coatings on metal surface.  
The stripping bath is made up of a salting out agent, carboxylic acid, and an organic 
solvent. The salting out agent is chosen from the group of glucoheptonate, gluconate and 
mixture thereof. The purpose of the salting out agent is to effectively lift off the organic film 
and prevent the films from re-attaching themselves to the metal substrate. They also function 
as corrosion inhibitors in the stripping process. Suitable carboxylic acids such as hydroxyl 
carboxylic acids are preferred. Examples are lactic acid, malic acids etc. Preferred solvents 
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are those which have 0.5 to 50 weight % in water such as straight chain alcohols of 4 – 
16carbons. The coated substrates are then immersed in the stripping bath for a period of time 
(up to 4 minutes) at elevated temperatures of 59 – 60 degree celsius. The lift off of the 
organic films were tested using brass test panel with a layer of electrophoretic polyacrylic 
polyurethane coating and it is found that the stripping bath are capable of removing the 
organic films.  
L. Carbonell et al investigated the thermal stability of alkanethiols on copper surface 
[55]. The thermal stability of the thiol layer is governed by numerous parameters such as the 
Cu-S bond strength, the packing desity of the Sam molecules on the copper surface, the Van 
Der Waals interactions between the chain groups and the electron density distribution within 
the SAM molecules. Desorption is carried out in nitrogen environment. It is found that 
desorption starts around 95
o
C for alkyl thiols and maximum desorption takes place around 
150
o
C. The decomposition comprises two steps. The first step is the oxidation of the head 
group to sulfonate species due to the diffusion of atomic oxygen from the bulk of the Cu 
layer. The second step is the breaking up of the alkyl chains into various alkyl fragments that 
adsorb on the copper surface before desorbing at higher temperature. Complete desorption is 
obtained at temperatures above 150
o
C. For benzenethiols however, a higher temperature of 
200
o
C is required due to the stronger van der waals interactions.  When assembly of both 
thiols film were performed on oxidized copper surface, the alkyl thiol is more stabilized and 
desorb at a higher temperature of 200
o
C as the Cu2O area on the surface as compared to a 
clean copper surface reduce the alkyl-copper surface interactions that are involved in the 
mechanism of C-S bond cleavage. On the other hand, for benzenthiol, the first desorpton step 
occurred at a lower temperature though the final temperature to completely remove the film is 
above 200 
o
C due to the additional adsorption state of the benzene rings on the oxidized 
copper surface after complete desorption of the SAM layer.  
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With the thermal desorption of the thiols from copper in mind, thermal heat treatment 
may be applied to the copper surface for organic film removal, hence reducing the need for 
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 This chapter details the experimental details the assembly of the first layer of 
inhibitors (benzotriazole (BTA), 4-aminothiolphenol (4-ATP), ethylenediamine (EDA) and 
phenylenediamine (PDA)), second layer (Pyromellitic dianhydride (PMDA) and Poly(methyl 
vinyl ether-co-maleic anhydride (Gantrez)) and a final capping layer (aniline and 
Polyallylamine (PAA)) on copper substrate. The characterization techniques used to evaluate 
the films were discussed.   
3.1 PREDEPOSITION TREATMENT 
 
 In most works, well organized SAMs are formed on freshly evaporated copper films. 
In contrast, electroplated and polished bullk copper exhibits different behaviour due to the 
stable and thick surface copper oxide layer already formed. This oxide layer has been shown 
to interfere with organic inhibitor adsorption and the long term stability of the organic films 
[1-3]. Hence, prior to deposition, copper substrates are usually etched in acid solution to 
remove surface oxide [4].  
 In this work, the Cu substrates were obtained from a commercial wafer fabrication 
plant and were prepared by a first physical vapor deposition of a 150 nm thick copper seed 
layer over Si. An approximately 1000nm thick copper layer was then electroplated over the 
seed layer with a commercial electroplating equipment.  Slides were cut using a diamond 
cutter and then immersed in acetone for sonication for 10 minutes. The slides were then dried 
in a stream of nitrogen gas. Following this, the copper slides were etched in 7M, 3.5M and 
3M HNO3 for 30s to remove surface oxides. After 30s, the slides are immediately rinsed in 
distilled water to remove any unreacted acid on the surface. The surface is then blown dry in 
a stream of nitrogen gas.  
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The nature of the copper surface was examined using a Kratos Axis 165 X-ray 
Photoelectron Spectroscopy (XPS) system. The excitation source was Al K  radiation 
(photoelectron energy of 1486.7 eV). Binding energies for components of interest were 
referenced to the binding energy of C 1s at 285.0 eV. Field emission Scanning Electron 
Microscopy (FESEM) is used to examine surface changes after acid etching.  
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3.2 DEPOSITION OF FIRST ORGANIC LAYER 
 
4-Aminothiolphenol (4-ATP), Ethylenediamine (EDA) and Phenylenediamine (PDA) 
shown in Figure 3.1 were obtained as high-grade commercial reagents, purity >98%, from 
Sigma-Aldrich and were dissolved in pure ethanol or toluene (both HPLC. grade) to a 
concentration of 1mM. The substrate was fabricated by physical vapor deposition (PVD) of a 
150 nm thick of Cu seed layer on Si(100) and 1000 nm thick Cu(111) thin film was then 
electroplated onto the seed layer using a commercial electroplating equipment. Slides were 
cut from wafers and degreased in acetone for 10 minutes under sonication to remove surface 
contaminants. They were then blow dried with a stream of nitrogen. Thereafter, they were 
immersed in 3 M HNO3 for 30 sec to remove surface oxides. The etching also provided a 
fresh and active surface, which strongly favored the chemisorption of the organic compounds. 
The etched substrates were rapidly rinsed with deionized water followed by pure ethanol. An 
addition toluene rinse was performed for substrates to be immersed in 1mM inhibitor solution 
in toluene media. Oxide free copper substrates are immersed in pure ethanol and toluene 
separately for 4 hours with stirring to act as a form of control. The rest of the other substrates 
were separately immersed in 1 mM inhibitor solutions for 2 and 4hours at 20 
0
C to form the 
self-assembled films. After the film formation, the substrates were sonicated in pure ethanol 
or toluene, following the solvent media of the 1mM inhibitor solutions, for 10 minutes to 
remove the physisorbed molecules and were then dried with nitrogen. The experimental 
procedures are shown in Figure 3.2 and 3.3. 








































































































Figure 3.2: Experimental setup for molecular assembly in (a) ethanol (b) toluene medium 
 
1mM 4-ATP inhibitor in ethanol solution is also spin coated on the oxide free copper 






Figure 3.3 Spin coating of inhibitor solution on oxide free copper 
 
The rate of spinning is kept at 2900 rpm for 5 seconds. The copper substrate is then 
sonicated in pure ethanol for 10 minutes to remove any physisorbed 4-ATP molecules.  
 Annealing of 4-ATP inhibitor modified copper substrate is performed in a vacuum 
oven at elevated temperature of 50
o
C under vacuum for 1 hour.  
The nature and the thickness of the surface films were examined using a Kratos Axis 
165 X-ray Photoelectron Spectroscopy (XPS) system. The excitation source was Al K  
radiation (photoelectron energy of 1486.7 eV). Binding energies for components of interest 
were referenced to the binding energy of C 1s at 285.0 eV. The corrosion measurements were 
performed in electrolyte bath (0.1M Na2SO4, 1mM K3Fe(CN)6 and 1mM K4Fe(CN)4) with an 
Autolab potentiostat / galvanostat PGSTAT100 and FRA modules both interfaced to a 
personal computer. A conventional three-electrode glass cell equipped with a platinum 
counter electrode and a Ag/AgCl reference electrode was used. The impedance measurements 
were made at the respective corrosion potential with a 5 mV AC perturbation that was 
controlled between 10 mHz and 100 kHz. The linear polarization curves were recorded from 
–0.2 to 0.1 V at a sweep rate of 2 mV/s. Contact angle measurements were made on inhibitor-
modified Cu discs by the sessile drop method using a First Ten Angstrom (FTA) 125 
Standard Model contact angle analyzer. The measurements were carried out at room 
temperature in air. FTIR measurements were recorded in a single reflection mode using a 
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Bio-Rad FTS 3500 infrared spectrometer with a laser source of 600  W at 632.8 nm. The 
BT-modified Cu disc was mounted on a reflectance accessory and the p-polarized light was 
incident at a grazing angle of 80
0
 from the surface normal. A total of 1024 scans in the mid-
infrared spectral range of 400 - 4000 cm
-1 
with a resolution of 4 cm
-1 
were collected. The 
sample compartment was continuously purged with nitrogen during the characterization. 
Atomic Force Microscopy is performed using Digital Instruments AFM with Nanoscope 
software for analysis. The mode of operation is the tapping mode. Contact angle 
measurements were made on the inhibitor modified copper substrates by the sessile drop 
method using a First Ten Angstrom (FTA) 125 Standard Model contact angle analyser. The 
measurements were carried out at room temperature in air.  
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3.3 DEPOSITION OF 2
nd
 ORGANIC LAYER 
 
Gantrez An (Poly(methyl vinyl ether-co-maleic anhydride) and Pyromellitic 
Dianhydide (PMDA) were obtained as high purity reagents from Sigma Aldrich. They were 
dissolved to 0.1 wt% and 0.5 wt% in tetrahydrofuran, making the inhibitor solution. The 
organic coupling reaction is conducted in an argon environment at room temperature. The 
setup for the reaction is shown in Figure 3.4.  
A 4-ATP covered copper substrate was placed in a 3 necked round bottomed flask 
containing the inhibitor solution. Stirring was provided using a 1 cm magnetic stirrer and a 
magnetic plate and stirring speed is kept at 250 rpm. Pure argon is channeled into the flask 
through the use of tubings. The flow rate of argon is kept low to minimize any draft above the 
solvent surface which could otherwise induce vapourisation of the solvent. The waste argon 
gas is then channeled out and bubbled into pure deionised water. Presence of bubbles at the 
tubing outlet serves as an indication of continuous flow of argon.  
The reaction is allowed to occur for 1 hour at room temperature. Pure argon is 
allowed to flow into the setup for half an hour and thereafter, a clasp is placed on the outlet 
tubing so that a stagnant argon environment is maintained within the 3 necked round 
bottomed flask. In addition, the clasp also ensures no backflow of water into the reaction 
chamber. The inert argon environment keeps out moisture to prevent the anhydride groups 
present on the inhibitor molecule from being converted to acidic groups.  
In addition to the self-assembly technique, spin coating of PMDA and Gantrez were 
performed. The substrate is placed in a spin coater and the inhibitor solution is spreaded 
evenly on the substrate surface. The substrate is then spun at 2400 rpm for 10 seconds. After 
which, the sample is taken out and sonicated in pure tetrahydrofuran for 10 minutes to 




Figure 3.4 Setup for organic coupling of second layer of inhibitors with the first layer 
 
The nature and the thickness of the surface films were examined using a Kratos Axis 
165 X-ray Photoelectron Spectroscopy (XPS) system. The excitation source was Al K  
radiation (photoelectron energy of 1486.7 eV). Binding energies for components of interest 
were referenced to the binding energy of C 1s at 285.0 eV. The corrosion measurements were 
performed in electrolyte bath (0.1M Na2SO4, 1mM K3Fe(CN)6 and 1mM K4Fe(CN)4) with an 
Autolab potentiostat / galvanostat PGSTAT100 and FRA modules both interfaced to a 
personal computer. A conventional three-electrode glass cell equipped with a platinum 
counter electrode and a Ag/AgCl reference electrode was used. The impedance measurements 
were made at the respective corrosion potential with a 5 mV AC perturbation that was 
controlled between 10 mHz and 100 kHz. The linear polarization curves were recorded from 
–0.2 to 0.1 V at a sweep rate of 2 mV/s. Contact angle measurements were made on inhibitor-
modified Cu discs by the sessile drop method using a First Ten Angstrom (FTA) 125 
Standard Model contact angle analyzer. The measurements were carried out at room 
temperature in air. FTIR measurements were recorded in a single reflection mode using a 
50 
 
Bio-Rad FTS 3500 infrared spectrometer with a laser source of 600  W at 632.8 nm. The 
BT-modified Cu disc was mounted on a reflectance accessory and the p-polarized light was 
incident at a grazing angle of 80
0
 from the surface normal. A total of 1024 scans in the mid-
infrared spectral range of 400 - 4000 cm
-1 
with a resolution of 4 cm
-1 
were collected. The 
sample compartment was continuously purged with nitrogen during the characterization. 
Atomic Force Microscopy is performed using Digital Instruments AFM with Nanoscope 
software for analysis. The mode of operation is the tapping mode. Contact angle 
measurements were made on the inhibitor modified copper substrates by the sessile drop 
method using a First Ten Angstrom (FTA) 125 Standard Model contact angle analyser. The 





3.4 DEPOSITION OF CAPPING LAYER 
 
The chosen molecular species for the capping layer are aniline and polyallylamine 
(PAA). Anilne is obtained from Sigma Aldrich at purity > 98%. PAA is obtained as 50 
weight % in water from Sigma Aldrich.  The molecular structures of aniline and PAA are 
shown in Figure 3.5. 
 
Figure 3.5 (a) Anilne (b) PAA 
 
PAA is dissolved in pure deionised water to 1 wt% spin coated on the inhibitor 
modified copper oxide and oxide free copper substrates. Spin coating at 2400 rpm for 10 
seconds. After which, the sample is taken out and sonicated in distilled water for 5 minutes to 
remove physisorbed inhibitor molecules. The sample is then blown dry in a stream of 
nitrogen.   
1mM aniline in tetrahydrofuran is prepared and the reaction setup is same as Figure 
3.4. The duration of the reaction is kept at 1 hour. After which, the substrate is taken out and 
sonicated for 10 minutes in pure tetrahydrofuran to remove any phyisorbed molecules.  
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Finally, 4 different types of molecular architecture were prepared as shown in Figure 3.6. 
 
Figure 3.6 Molecular architectures (a) 4-ATP – Gantrez – Anilne (b) 4-ATP – Gantrez 
– PAA (c) 4-ATP – PMDA – Aniline (d) 4-ATP – PMDA – PAA 
 
The nature and the thickness of the surface films were examined using a Kratos Axis 
165 X-ray Photoelectron Spectroscopy (XPS) system. The excitation source was Al K  
radiation (photoelectron energy of 1486.7 eV). Binding energies for components of interest 
were referenced to the binding energy of C 1s at 285.0 eV. The corrosion measurements were 
performed in electrolyte bath (0.1M Na2SO4, 1mM K3Fe(CN)6 and 1mM K4Fe(CN)4) with an 
Autolab potentiostat / galvanostat PGSTAT100 and FRA modules both interfaced to a 
personal computer. A conventional three-electrode glass cell equipped with a platinum 
counter electrode and a Ag/AgCl reference electrode was used. The impedance measurements 
were made at the respective corrosion potential with a 5 mV AC perturbation that was 
controlled between 10 mHz and 100 kHz. The linear polarization curves were recorded from 
–0.2 to 0.1 V at a sweep rate of 2 mV/s. Contact angle measurements were made on inhibitor-
modified Cu discs by the sessile drop method using a First Ten Angstrom (FTA) 125 
Standard Model contact angle analyzer. The measurements were carried out at room 
temperature in air. FTIR measurements were recorded in a single reflection mode using a 
Bio-Rad FTS 3500 infrared spectrometer with a laser source of 600  W at 632.8 nm. The 
BT-modified Cu disc was mounted on a reflectance accessory and the p-polarized light was 
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incident at a grazing angle of 80
0
 from the surface normal. A total of 1024 scans in the mid-
infrared spectral range of 400 - 4000 cm
-1 
with a resolution of 4 cm
-1 
were collected. The 
sample compartment was continuously purged with nitrogen during the characterization. 
Atomic Force Microscopy is performed using Digital Instruments AFM with Nanoscope 
software for analysis. The mode of operation is the tapping mode. Contact angle 
measurements were made on the inhibitor modified copper substrates by the sessile drop 
method using a First Ten Angstrom (FTA) 125 Standard Model contact angle analyser. The 





3.5 REMOVAL OF ORGANIC INHIBITOR FILM 
 
The removal of the strongest organic architecture assembly (4-ATP – PMDA – PAA) 
and removal of 4-ATP on copper would be explored.  
TGA analysis is first performed on pure 4-ATP, PMDA and PAA samples obtained 
from Sigma Aldrich. The decomposition temperatures were noted and taken as the guideline 
for temperature decomposition and desorption of the films from the copper surface.  
4-ATP covered copper substrates were placed on a crucible and heated within a tube 
furnace at temperatures of 80, 120, 150 and 200
o
C for ten minutes under nitrogen flow of 
3ml/min. Nitrogen flow is used to create an inert environment for the desorption and to 
eliminate any factors contributing to the desorption due to oxidation of the films or copper 
surface. The continuous flow of nitrogen also helps carry desorbed compounds away from the 
copper surface to prevent any redeposition of the organic films.  
The stripping bath method is also carried out in this work. As mentioned by Berger et 
al [5], an ideal stripping bath should contain a mixture of a salting out agent, hydroxyl 
carboxylic acid and an organic solvent which have a solubility limit of 50 weight % in water 
such as straight chain alcohols contain 4 or more carbons. The salting out agent used by 
Berger et al is sodium glucoheptonate and this compound is said to help lift the organic films 
off the copper substrate.  
In my work, the stripping bath mixture contains  
1. 1ml of N-butyl alcohol (solubility of 6.5% in water at 50oC) 
2. 10-Hydroxyl capric acid 
3. Sodium citrate 
All the components are dissolved in water and made up to 10ml of stripping solution. 
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The organic inhibitor covered copper substrate is then immersed in the stripping bath 
with stirring at 50
o
C for 15 minutes. After which, the substrate is taken out of the solution 
and sonicated in water for ten minutes to remove any physisorbed molecules.  
 The nature of the copper substrates was examined using a Kratos Axis 165 X-ray 
Photoelectron Spectroscopy (XPS) system. The excitation source was Al K  radiation 
(photoelectron energy of 1486.7 eV). Binding energies for components of interest were 
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RESULTS AND DISCUSSION 
DEPOSITION OF THE FIRST LAYER 
            
 This chapter details the characterization results of the predeposition treatment prior to 
assembly of inhibitors, as well as the self-assembly of organic thin films of 4-
aminothiolphenol (4-ATP), ethylenediamine (EDA) and phenylenediamine (PDA) on copper 
oxide and oxide free copper substrates.  
 
4.1 PREDEPOSITION TREATMENT 
 
 Copper wafer slides obtained from fabrication plants may contain contaminants and 
grease which can be removed using organic solvents such as acetone. Sonication provides a 
form of energy to facilitate lifting the grease off the surface of copper.   
 Copper is easily oxidized in the air to form copper oxide. It is reported that oxidation 
progresses even in high vacuum and a copper oxide film of 20 to 30 angstroms is formed in a 
vacuum condition [12]. Copper oxide differs from copper in terms of solubility, etching 
characteristic etc. It is believed that this oxide layer has to be removed to expose a fresh 
copper surface prior to self-assembly of organic molecules as most molecules assemble on 
the copper surface through a direct physical or chemical interaction.  
 Copper oxide is soluble in both alkali and acid [12]. Acid is typically used to remove 
the surface oxide through an acid base reaction. Other methods of copper oxide removal 
include reduction with hydrogen or carbon monoxide. The reduction process is not studied in 
this work due to the high flammability of hydrogen and the low cost effectiveness of the 
method.  
In acid etch removal of copper oxide, the choice of acid could be inorganic or organic, 
such as sulfuric acid, nitric acid, hydrochloric acid, benzene sulfonic acid or the likes. The 
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concentration of acid used is crucial to the thoroughness in the removal of copper oxide. A 
low concentration of acid solution results in leftover copper oxide on the copper surface 
while a high concentration may result in over etch and accelerated etching of the freshly 
exposed copper surface. It is found that an acid solution of 10 normality is capable of 
removing copper oxide film of about 100 Angstroms in thickness in 10s [12]. Most groups 
use a 7M HNO3 solution to remove copper oxide from the surface prior to self assembly of 
organic inhibitors on copper surface [1,2]. It is discovered that copper surface is non-uniform, 
with CuO and Cu2O occurring in clusters [3]. An ideal acid type concentration should 
therefore react preferentially with CuO and Cu2O instead of Cu to accelerate removal of 
copper oxide and minimize over etching of Cu. 
Prior to acid etching, the degreased copper oxide substrates are dried thoroughly so 
that there is no residual acetone. This is because nitric acid is a strong oxidizing acid that 
reacts explosively with acetone, which could potentially harm the operator or damage the 
copper surface.  
The copper oxide substrates were treated in HNO3 of different concentrations to 
determine the effective concentration for removal of copper oxide without compromising the 
bulk copper surface.  
 XPS characterisation were carried out to detect the presence of Cu(II) species not 




4.1.1 XPS CHARACTERISATION OF POST ETCHED COPPER 
 






Figure 4.1 Cu2p peaks (a) Copper oxide substrate (b) Acid etch in 7M HNO3 for 15 seconds 
(b) Acid etch in 7M HNO3 for 30 seconds 
 
With reference to Figure 4.1, the absence of copper peaks after 7 M HNO3 acid 
treatments for 15 and 30 seconds showed that copper was removed completely.  This result is 
surprising as many groups uses this method to remove native oxide on copper [1,2].  This 
thus shows that a 7 M HNO3 acid should not be treated as a universal etchant to remove 
copper oxide on any copper samples. The concentration of acid used should be customized 
for different copper samples.  As a start, the concentration of HNO3 is reduced by half (7M to 
3.5M), while the etching duration is kept at 30s. The Cu2p peaks are shown in Figure 4.2. It 
is clear that the copper peaks remained absent when a 3.5M HNO3 etchant is used. Optimised 
removal of copper oxide with an intact fresh copper surface is achieved when the 
concentration of the etchant is dropped further to 3M as shown in Figure 4.2. The Cu (II)  
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satellite peaks between 940-970 eV and Cu 2p peaks at 935 eV originating from CuO has 
been reduced significantly and a distinct Cu/Cu(I) peak at 932.5 is observed.. The ratio of 
Cu2p peak area at 932.5eV (Cu and Cu(I)) to peak area at  935eV (Cu(II)) provides an 
indication of the thoroughness of etching. The higher the ratio, the more copper oxide is 
being removed and the better the copper is primed for self-assembly of organic molecules. 
The ratio is computed through peak fitting using XPSPEAK4 software and the results are 
shown in Table 4.1. It is shown that a significant increase in Cu/CuO ratio occurs after 
etching in 3M HNO3  








Figure 4.2 Cu2p Peaks (a) Copper oxide substrate (b) Acid etch in 3.5M HNO3 for 30 
seconds (c) Acid etch in 3M HNO3 for 30 seconds 
Sample Cu/CuO ratio  
Bare copper 0.6 
Copper after 3M HNO3 etch  23.8  
Table 4.1 Cu/CuO ratio after optimized acid treatment 
 After removal of CuO with 3M HNO3, the sample is placed in argon and 
characterized 1 week later. This is to investigate the rate of formation of native oxide or CuO 
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upon exposure to the laboratory ambient during handling and preparations for 
characterisation.  





Figure 4.3 Cu2p Peaks (a) Copper oxide free substrate (b) Copper substrate after storage in 
argon for 1 week 
 
Sample – Bare copper  Cu/CuO ratio  
Immediately after etching in 3M HNO3 23.8 
After storage for 1 week in argon  12.9 
Table 4.2 Cu/CuO ratio after storage of copper oxide free substrate in argon for 1 week 
 From Table 4.2, it is shown that the Cu/CuO ratio dropped by almost half even when 
the substrate is placed in argon ambient.  This shows that oxidstion takes place very rapidly 
on a fresh oxide free copper surface and the oxidation could have taken place during the 
movement of these samples between processing steps and during characterisation.  
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4.1.2 FESEM  
 
Field emission scanning electron microscopy (FESEM) shows the surface images of 
copper oxide and oxide free copper surfaces. Prior to etching in acid, the copper oxide 
substrate appeared unclear (Figure 4.4). The unclear image may be a result of surface 
charging due to the presence of copper oxide, which is a poor conductor of electrons.  After 
an acid etch, a copper oxide free surface is generated. The copper grains are exposed clearly 
and the surface has visibly become rougher.  
 
 




4.2 DEPOSITION OF FIRST MONOLAYER ON OXIDE FREE COPPER  
4.2.1 XPS CHARACTERISATION OF INHIBITOR COVERED OXIDE FREE COPPER 
 
The selection of suitable solvents for the inhibitor molecules is crucial to the 
formation of uniform inhibitor layers on copper surface. The inhibitor molecules should 
dissolve well so that there is less clumping of the inhibitor molecules. In addition, the solvent 
to be selected should be one that has minimal reactivity with copper surface.  
 It is known that copper dissolves via two possible mechanisms – direct attack by 
solvent and dissolution of copper oxide when copper is oxidized by molecular oxygen. A.P. 
Purdy et al [4] have performed investigations of dissolution of copper turnings in some 
common solvents. In their work, they found that copper dissolves in 1-methyl-2-
pyrrolidinone, anisole, methyllisobutylketone, propylene glycol methyl ether acetate, 
dimethylacetamide (DMAC), water, methylmethacrylate, m-cresol and sulfolane in the 
presence of oxygen but not in toluene, o-dichlorobenzene, chloroform, acetone, ethylacetate 
and tetrahydrofuran (THF). In fact, acetone and THF act as modest inhibitor to oxidation and 
are viewed as the best solvents. Solvents containing strongly co-ordinating nitrogen ligands 
such as DMAC or containing any groups that could act as a weak acid and the presence of 
oxygen should be avoided. The truly inert solvents were reported to be the non-polar 
aromatics while some oxygen containing hydrocarbons such as THF do not dissolve oxygen 
in presence of molecular oxygen [4].  
In view of the effects of different solvents, I have used ethanol and toluene for my 
work and comparisons were made between both of them. Ethanol is chosen because it is a 
commonly used solvent for self-assembly on copper while toluene has been found recently to 
be a more superior solvent compared to ethanol due to its non-polar nature and less 
interactions with copper surface [5]. Ron et al. [5] has reported presence of disorder in 
C18SH monolayer self-assembled on copper surface when the solvent used was ethanol, 
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compared to that of toluene. They proposed that the effect of chemical interactions with the 
solvent is more important than an initial presence of a native oxide layer prior to self 
assembly of inhibitors on copper surface. Two possible reasons had been proposed for poor 
assembly in ethanol, namely; (i) ethanol and toluene has different water content (0.2% water 
in ethanol and 0.03% water in toluene). Water leads to surface oxidation which competes 
with the self-assembly process. (ii) Chemisorption of ethanol on copper creates complex 
morphologies. When self-assembly of inhibitors was performed in ethanol, the monomers 
had to replace the chemisorbed ethoxy moieties (chemically absorbed ethanol molecules), 
which results in a thermodynamically less favourable situation.  
However, if toluene is used, a higher concentration of inhibitors is required due to the 
higher solubility of 4-ATP in toluene where there is more interaction between 4-ATP and 
toluene molecules due to the presence of benzene rings on both molecules.  
The polarity of ethanol molecules does have its advantages. In fact, ethanol has been 
found to form highly ordered thiolate films on gold [6]. The reason for a uniform film formed 
is that during film deposition, migration of thiolates between neighboring hollow sites on the 
gold surface is required to heal any defects. During the migration, the transition state is more 
polar than the ground state and is thus sensitive to dielectric constant of solvents. Since 
ethanol is polar, it helps with the reorganization of the films and minimization of defects. 
Hence, assembly of inhibitors in ethanol medium may results in a denser and less defective 
inhibitor film.  
 To investigate any possible effects of ethanol and toluene solvents on a fresh oxide 
free copper substrates, these substrates are placed in pure ethanol and toluene solvents under 
the same ambient condition with stirring using magnetic stirrers for 4 hours. XPS spectra of 
the Cu 2p peaks were obtained for both samples as shown in Figure 4.5.  
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Figure 4.5 Cu2p Peaks (i) Assembly of 4-ATP on etched copper substrate in ethanol medium 
(ii) Assembly of 4-ATP on etched copper in toluene medium.  
 
Table 4.3 shows the Cu/CuO ratio of the oxide free copper when immersed in 
different solvents. When copper substrate is immersed in ethanol for 4 hours, the copper 
substrate exhibited oxidation to a larger extent as compared to immersion in toluene as 
evidenced by the presence of CuO peak (935 eV) and satellite peaks and the smaller Cu/CuO 
ratio. This agrees well with the conclusion made by Ron et al [5] that copper undergoes more 
oxidation in ethanol than in toluene due to the larger water content.  Hence, toluene is a better 
solvent than ethanol for self assembly of inhibitors on copper surface.     
Sample Cu/CuO ratio (in ethanol 
medium) 
Cu/CuO ratio (in toluene 
medium) 
Bare copper 0.6 0.6 
Copper after acid etch   8.8 71.6 




Figure 4.6 and 4.7 shows the XPS Cu 2p spectra of the various inhibitors assembled 
from ethanol medium and toluene medium respectively on oxide free copper substrates one 
week after deposition. .  








Figure 4.6 Cu2p Peaks (a) 4-ATP modified oxide free copper oxide (b) EDA modified oxide 









Figure 4.7 Cu2p Peaks (a) 4-ATP modified oxide free copper oxide (b) EDA modified oxide 
free copper oxide (c) PDA modified oxide free copper oxide all of which are deposited from 
ethanol medium  
 
Table 4.4 shows the Cu/CuO ratio of the various inhibitor modified oxide free copper 
substrates. 
 Sample Cu/CuO ratio (in ethanol 
medium) 
Cu/CuO ratio (in toluene 
medium) 
After 4-ATP deposition 17.9 26.6 
After EDA deposition  8.5 N.A. 
After PDA deposition 8.5 5.1 
Table 4.4 Cu/CuO ratio of different inhibitors deposited from different solvent medium  
No data was collected for the oxide free copper sample immersed in EDA in toluene 
medium. This is because the surface of the copper substrate displayed an immediate change 
from a reddish brown tone to black. This indicates that a chemical reaction has occurred on 
the copper surface, altering its appearance. This is however not observed with oxide free 
copper placed in EDA in ethanol solvent. Two reasons may explain this phenomenon; (i) 
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EDA is known to be soluble in alcohol and water but not soluble in benzene. Therefore, 
toluene, being structually similar to benzene, is a poor solvent for ethylenediamine. As such, 
EDA molecules are not well distributed in the toluene solvent. Furthermore, EDA, being 
slightly denser than toluene (density: 0.8669g/ml for toluene and 0.899 g/ml for EDA), forms 
a dense layer beneath the toluene medium. Strongly alkaline by nature and being highly 
concentrated due to its immiscibility with toluene, ethylenediamine reacts with copper oxide 
readily and attacks the bulk copper beneath, leading to corrosion issues. In ethanol medium 
however, EDA is more diluted as ethanol makes a better solvent. The EDA molecules 
distributed themselves evenly in the solvent and the concentration of EDA molecules on 
oxide free copper (ii) Ethanol forms hydrogen bonds with the amine groups on 
ethylenediamine, reducing the number of available basic amine groups that could react with 
the copper surface. As a result, copper does not readily erode when exposed to 
ethylenediamine in ethanol medium.  
Another observation made was the appearance of a deep blue solution after 4 hours of 
immersion of copper substrate in EDA or PDA in ethanol solvent. The identity of the deep 
blue solution could be that of a copper complex formed when the lone pair of electrons on the 
amine group of EDA and PDA forms a co-ordinate covalent bond with copper ions. These 
copper ions are probably more abundant when self-assembly is performed in the ethanol 
media where more oxidation of Cu(0) to Cu(I) or Cu(II) occurs. The possible chemical 
reaction between EDA and copper ions to form copper complexes is shown in Equation 4.1.  
[Cu(H2O)6]
2+
  + 4NH2CH2CH2NH2 = > [Cu(NH2CH2CH2NH2)4(H2O)2]
2+
 + 4 H2O  
          (4.1) 
From Table 4.4, it is shown that 4-ATP offered the most protection against copper 
corrosion in the ambient after 1 week as the Cu/CuO ratio is computed to be the highest. The 
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protection offered is enhanced when deposition is performed in toluene solution. EDA and 
PDA showed much weaker corrosion inhibition.  
4.2.1.1 DETERMINATION OF FILM THICKNESS 
 
The approximate thickness of the inhibitor film on Cu at short deposition times can be 

















        (4.2) 
where )(I  is the relative Cu 2p3/2 photoelectron intensity from the inhibitor modified Cu 
substrate,  )(cI  is the Cu 2p3/2 photoelectron intensity from the bare etched Cu substrate,    
is the detector angle with respect to the surface normal, d is the thickness of the inhibitor film 
and  is the attenuation length of the photoelectrons from the Cu substrate. The attenuation 
length,  , (refer to Equation 4.3) can be determined using an empirical formula by Seah et 
al.
 








nm          (4.3) 
The attenuation length is determined to be 4.2 nm for photoelectrons with a kinetic 
energy of 1486.71 eV. The thickness of the inhibitor films is calculated from a plot of ln[I() 
/Ic()] versus 1/cos , where the slope of the linear regression yields (-d/ì) and the results are 
tabulated in Table 4.5.   
 
Film Thickness (nm) (ethanol 
medium) 
Thickness (nm) (toluene 
medium) 
4-ATP  5.7 1.9 
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EDA 3.0 N.A. 
PDA 4.5 2.5 
Table 4.5 Thickness of first inhibitor layer on oxide free copper 
The calculated theoretical length of a 4-ATP molecule is 0.7nm [9]. The thickness of 
4-ATP assembled on gold were found to be approximately 0.78nm [9]. The thickness of the 
4-ATP films achieved in the current work way surpasses the theoretical length and seems to 
suggest a multilayer formed. However, the thickness calculated in this work may not be 
accurate due to the limitations of Angle resolved XPS. Ellipsometry was not performed due 
to the high roughness of the copper surface after the acid etching step as well and hence no 
verification could be done.  
  Nevetheless. the formation of organothiol multilayers on copper through a similar self 
assembly process have been observed in other research groups [10]. They attributed the 
formation of multilayers to the disulphides and water molecules byproducts formed during 
the copper oxide reduction process. These byproducts have to be desorbed to allow more 
thiols to be anchored to the copper surface. Schlenoff et al [9] found out that a rate limiting 
desorption of disulphides occur during the self-assembly of alkanethiol on gold surface, 
which affects the kinetics of the adsorption process. The free energies of adsorption is as high 
as -24 kcalmol
-1 
compared with free energies of adsorption of H2, a byproduct from the 
adsorption of thiol on gold surface. Hence, there are tendencies of the disulphides byproducts 
formed to stay put on the copper surface.  
   From Table 4.5, it is observed that the films form to a smaller thickness when the 
films are assembled from toluene medium. We propose two reasons for this observation. 
 
1. There are less physisorbed disulphide molecules present on the copper surface 
when assembly is performed in toluene The ease of desorption of disulphides 
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depends on the solubility of the disulphides in the respective solvents. 4-ATP 
dissolves better in toluene compared with ethanol. In ethanol solvent, 4-ATP 
solvates primarily through hydrogen bond formation between hydroxyl group 
on ethanol and the amine or thiol end of 4-ATP while in toluene, 4-ATP 
solvates via van der waals’ interaction between the benzene ring on 4-ATP 
and toluene molecules. When a disulphide molecule is formed, the molecule 
becomes more bulky and contains two benzene rings which make the 
molecule more soluble in toluene. From a thermodynamics standpoint, each 
factor of ten increases in solubility of the thiol molecule would lead to ca. 
1.4kcal decrease in binding energy of the inhibitor on the substrate, which 
means that the disulphide in toluene would be desorbed readily. This 
ultimately leads to a less disordered layer and fewer phyisorbed molecules, 
making the film less thick.  
2. The inhibitor films take on a lying down position when assembled from a 
toluene medium. The configuration may be confirmed with FTIR analysis 
which will be shown in a later section.                                                                                                                                                                               
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4.2.2 AFM CHARACTERISATION  
 
Atomic Force Microscopy (AFM) provides topographical images of the inhibitor 
films on the copper surface. The tapping mode is used during analysis to minimize any 
damage to the inhibitor covered surface and contamination of tip. An image is produced 
through imagery of the force (Van der waals, dipole dipole, electrostatic forces etc.) of the 
intermittent contacts of the AFM tip with the inhibitor surface.  
Roughness and section analysis are performed using Nanoscope 5.30r2. 3-D images 
of the copper substrate and inhibitor modified copper substrates are shown in Figure 4.8. 
Copper roughness increased after copper is being stripped off its oxide layer. This is because 
copper grains are exposed when copper oxide is being removed by acid. The exposure of the 
grain boundaries increases the overall copper surface roughness. 
Changes in the topography of the copper surface after the deposition process indicate 
successful assembly of inhibitor molecules.  From Figure 4.8, it is seen that with inhibitor 
deposition, the copper grain boundaries become less visible. This indicates that the inhibitor 
molecules fill up the boundaries and form a dense film. It is noted from Figure 4.8 (c) and (f) 
that the solvent medium does have an effect on the final topography of the assembly of 4-
ATP. In toluene medium, a smoother topography is achieved. For the case of PDA, however, 





Figure 4.8 (a) Bare copper without acid etch (b) Copper after acid etch (c) 4-ATP assembled 
from ethanol medium on copper (d) EDA assembled from ethanol medium on copper (e) 
PDA assembled from ethanol medium on copper (f) 4-ATP assembled from toluene medium 
(g) PDA assembled from toluene medium on copper  
 
Table 4.6 shows the roughness of the various inhibitors modified copper surface. In 
general, after a film assembly process, the roughness of the oxide free copper substrate 
changed. For both EDA and PDA assembly, the roughness decreased after deposition of these 
inhibitors on oxide free copper surface. For 4-ATP assembly process, the roughness of the 
copper oxide free surface increased.  In the case of EDA and PDA, the presence of amine 
terminal ends give rise to the probability of the inhibitors oriented with both amine groups 
coordinated to the copper surface. The tendency of these molecules taking on a more lying 
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down configuration is thus higher compared with 4-ATP where the thiol ends bond strongly 
with copper, leaving an amine terminal group. The overall decrease in roughness may also be 
attributed to a more densely packed film.  
 
Substrate  Roughness (nm) 
In ethanol medium In Toluene medium 




4-ATP 6.9 5.9 
EDA 4.9 NA 
PDA 4.2 5.2 
Table 4.6 Roughness of inhibitor films on oxide free copper surface 
The following reasons are proposed for the difference in topology of the 4-ATP films when 
assembled in different mediums: 
(i) Decrease in roughness of 4-ATP inhibitor films when assembled in toluene medium 
Presence of hydroxyl group in ethanol medium means they will form hydrogen bond 
with other molecules possessing hydrogen atom bonded to another electronegative 
atom. 4-ATP contains amine and thiol group, both of which N and S atoms present in 
the groups are electronegative, with the former being more electronegative. Hence, 
amine groups form stronger hydrogen bond with hydroxyl groups in ethanol medium. 
Toluene, on the other hand does not contain any groups that could form hydrogen 
bonds with the amine and thiol groups. This allows the thiol and amine groups to be 
free for bonding to the copper surface. In addition, because 4-ATP dissolves better in 
toluene, the molecules distribute evenly in the solvent and are less likely to form 
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clumps on the copper surface. The inhibitors molecules are more thus more mobile in 
toluene medium, allowing them to fill up gaps more efficiently. In addition, as there is 
no competing adsorption on the copper surface with the ethanol molecules, leading to 
a better film formation. 
 (ii) Increase in roughness of PDA inhibitor films when assembled in toluene medium 
PDA dissolves better in toluene compared with ethanol and hence less PDA may be 
deposited on the copper surface if the same concentration of PDA is used in toluene 
solvent, thereby causing the increase in roughness of the inhibitor film on oxide free 
copper substrate.  
 
Figure 4.9 shows the AFM cross section analysis of the films on the copper surface. 
Prior to etching, the copper oxide surface is smooth and the average height difference 
between the peaks and troughs is less than 8nm. After etching, the oxide free copper surface 
becomes rough with the height difference increased to almost 40nm. Comparing Figure 4.9 
(c) and (f), it can be shown that 4-ATP significantly reduced the roughness of the copper 
surface when assembled from toluene medium compared with ethanol medium. The 
inhibitors probably filled up the grain boundaries. On the other hand, 4-ATP assembled in 
ethanol had a higher roughness value. The height difference between the peak and trough 
increased to almost 50nm. This may indicate that the inhibitors do not fill up the grain 
boundaries as completely as those assembled from toluene medium. The sharp peaks in 
Figure 4.9 (c) and (g) seems to suggest a vertical orientation of the 4-ATP and PDA 
molecules respectively. From Figure 4.9 (d) and (e), it can be shown that when EDA and 
PDA are adsorbed on the copper surface from ethanol medium, the topography is smoothened 
significantly. The height difference between the peaks and troughs is within 40nm. Through 
the section analysis, it shows that the types of solvents and inhibitors used during the 
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assembly process affect the topography of the films. Despite the structural similiarity 
between PDA and 4-ATP, the difference in just one of the headgroups (thiol and amine) 
made a significant difference to their final topography.  
 
 
Figure 4.9 (a) Bare copper without acid etch (b) Copper after acid etch (c) 4-ATP assembled 
from ethanol medium on copper (d) EDA assembled from ethanol medium on copper (e) 
PDA assembled from ethanol medium on copper (f) 4-ATP assembled from toluene medium 











4.2.3 FAST REACTION BETWEEN 4-ATP AND OXIDE FREE COPPER    
  
For applicability in deposition of 4-ATP molecules on oxide free copper surface in 
semiconductor industries, the inhibitor molecules should be capable of assembling 
themselves fast on the copper surface. This is because the duration of a CMP process seldom 
exceeds 15 minutes and during this short duration of several minutes, the inhibitors should 
chemisorb on the copper surface for corrosion prevention. So far, the assembly of the 4-ATP 
inhibitors on oxide free copper in the previous sections has been optimized at 4 hours. To 
investigate if the 4-ATP molecules could chemisorb on oxide free copper within a few 
minutes, spin coating of the 4-ATP inhibitors from ethanol were performed on those oxide 
free copper substrates because spin coating ensures a good distribution of the inhibitors over 
the shortest duration and uses less solvent, which is more cost effective for a short 
experimental duration.  The substrates were then sonicated in pure ethanol solvent to remove 
any phyisorbed molecules and blown dry in a stream of nitrogen. They were then 
characterized with XPS one week later nd AFM immediately after the spin coating.  
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Figure 4.10 Spin coated 4-ATP films on oxide free copper from ethanol medium 
 
 From Figure 4.10, the broader N1s peaks suggest the presence of other nitrogen 
species besides the free amine main peak. The S2p peaks maintained the doublet peaks at 
162.9 and 164eV, indicating the formation of thiolate bonds with the copper surface. This 
provides evidence for the fast assembly of the 4-ATP inhibitors on the copper surface. 
However, the presence of a peak at 163.2 eV also indicates the presence of free thiol group 
which were not bonder to the copper surface. From the Cu2p spectra, the weak intensity of 
the satellite peaks due to Cu(II) species shows that the spin coated 4-ATP film limited 
oxidation of copper. Copper (II) species are however, still present as can be seen from the 
Cu2p peak at 935 eV. Hence, where stricter inhibitor protection is required, it would be better 
if the assembly is allowed to take place for a duration of 4 hours to ensure proper assembly 
and thus more adequate protection.  
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4.2.3.2 AFM CHARACTERISASTION 
 
Figure 4.11 (a) Spin coated 4-ATP on oxide free copper (b) Oxide free copper copper 
 
 The AFM images in Figure 4.11 further confirmed the presence of the 4-ATP films on 
the oxide free copper surface. The topography of the spin coated 4-ATP film is quite different 
from that of self assembled 4-ATP film. Further investigation on the orientation of the spin 
coated inhibitors is beyond the scope of this project.  However, it can still be observed that 
the topography is rougher and less continuous unlike its self assembled counterparts, which 







4.3 DEPOSITION OF FIRST MONOLAYER ON COPPER OXIDE 
4.3.1 XPS CHARACTERISATION OF INHIBITORS MODIFIED COPPER OXIDE 
 
Thiols react with copper oxide to liberate water and disulphides while at the same 
time, deposit themselves on the copper substrate through formation of a strong thiolate bond. 
Figure 4.12 shows the XPS data of the copper oxide substrates treated with 4-ATP for 
different duration.  







Figure 4.12 (a) Bare unetched copper (b) After immersion in 1mM 4-ATP for 2 hours (c) 
After immersion in 1mM 4-ATP for 4 hours (d) After immersion in 2mM 4-ATP for 2 hours  
 
The disappearance of the satellite peaks and the copper oxide peak at 932.5eV from 
the Cu2p XPS data after immersion of the copper oxide substrates in the 4-ATP inhibitor 
solutiuon shows that organothiols are indeed capable of removing copper oxide. Furthermore, 
it is shown that optimum removal of copper oxide occurs after a 4 hour immersion in a 1mM 
4-ATP solution. .The longer the duration of immersion, the more oxide is removed (Figure 
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4.12 (b) – (c)). On the other hand, when the concentration of 4-ATP is doubled while keeping 
the duration of deposition the same, the copper oxide is not removed completely (Figure 4.12 
(d)). This confirms that the rate determining step for the deposition of thiol on copper surface 
is not reactant diffusion limited but rather, limited by the surface reaction rate or possibly, the 
rate of desorption of the disulphides from the surface, as mentioned in other literatures [11]. 
A longer immersion time is thus required for a more complete removal of copper oxide.  






Figure 4.13 (a) Bare copper (b) After immersion in 1mM EDA for 2 hours (c) After 
immersion in 1mM EDA for 4 hours 
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Figure 4.14 (a) Bare copper (b) After immersion in 1mM PDA for 2 hours (c) After 
immersion in 1mM PDA for 4 hours 
 
 From Figures 4.13 and 4.14, it is also shown that EDA has the capability of removing 
copper oxide from the surface while PDA does not. EDA showed copper oxide removal 
capability probably due to EDA being a stronger base compared with PDA. In a PDA 
molecule, the lone pair of electron on the nitrogen atom is made less available for bonding 
due to the conjugation with the benzene ring.  It has been proposed by Leon et al [12] that 





        (4.4) 
CuO + 2OH
- 
- > CuO2 + H2O        (4.5) 
When dissolved in aqueous solution, in this case ethanol of 98% in water, EDA 
molecules accept hydrogen ions from the aqueous medium due to its basic nature, forming 
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positive EDA ions and hydroxide ions for which the latter is capable of reacting with CuO to 
reduce it to Cu2O. PDA on the other hand does not form hydroxide ions in aqueous medium 
and hence do not reduce CuO.  
4.3.1.1 DETERMINATION OF 4-ATP FILM THICKNESS ON COPPER OXIDE  
 
 This thickness of the 4-ATP inhibitor layers assembled from different mediums on 
copper oxide were computed in a similar method as section 4.3.1. The thickness is tabulated 
in Table 4.7.  
Film Thickness (nm) (ethanol 
medium) 
Thickness (nm) (toluene 
medium) 
4-ATP  8.5 3.1 
Table 4.7 Film thickness of 4-ATP assembled from ethanol and toluene on copper oxide 
The thickness of the 4-ATP films formed on a copper oxide surface is of a higher 
thickness than 4-ATP films assembled on a freshly exposed copper surface. The thickness of 
the films on copper oxide substrates is 8.5 nm and this implies a multilayer formation. 
Multilayer formation of inhibitors is attributed to the more complicated self assembly process 








4.3.1.2 DETERMINATION OF MONOLAYER ORIENTATION 
 










Figure 4.15 (a) 4-ATP in toluene on oxide free copper (b) 4-ATP in ethanol on oxide free 
copper (c) 4-ATP in toluene on copper oxide (d) PDA on oxide free copper (e) EDA on oxide 
free copper (f) 4-ATP in ethanol on copper oxide 
 
Figure 4.15 displays the N1s peaks of the various inhibitor covered copper oxide 
substrates. Figure 4.15 (a), (b), (c), and (f) shows the N1s peaks of 4-ATP films on oxide free 
copper and copper oxide surface. The peaks position at 399 eV corresponds with that of free 
amine.  There is no evidence of surface bound amine. This shows that 4-ATP did not 
coordinate with oxide free copper and copper oxide via amine bond. The N1s peaks also 
show that the solvent type does not affect its orientation.  However, a shift in the peak to a 
lower binding energy is observed for 4-ATP assembly on copper oxide substrate. A shift in 
binding energy may be due to the oxidation state of the atom itself or changes in the chemical 
or physical environment. An atom with a higher oxidation state exhibits a higher binding 
85 
 
energy due to the coulombic interaction between the emitted electron and the ion core. In this 
case, the higher disorder in the film on copper oxide may have led to the shift towards lower 
binding energy. In addition, the lone pair of electrons on nitrogen is delocalized into the 
benzene ring and the extent to which they are delocalized may have been higher for the 4-
ATP inhibitors on oxide free copper due to the stronger bond formed. This makes the 
nitrogen more oxidized, hence increasing the binding energy. The N1s peaks for EDA and 
PDA on oxide free copper is broad and this is due to the presence of both free and bound 
amines.  








Figure 4.16 (a) 1mM 4-ATP in ethanol on oxide free copper (b) 1mM 4-ATP in toluene on 
oxide free copper (c) 1mM 4-ATP on copper oxide in toluene (d) 1mM 4-ATP in ethanol on 
copper oxide in ethanol 
 
The S2p spectra (Figure 4.16) shows two distinct peaks at 162.9 and 164 eV which  
indicate the presence of a dominant thiolate bond between 4-ATP with copper or copper 
oxide. However, in the case of assembly of inhibitors on copper oxide or oxide free copper 
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surface in toluene, oxidized thiolate species at a binding energy of 164.7eV are present 
whereas they are absent when assembled in ethanol medium. The oxidized thiolate species 
may be formed through oxidation with water, a byproduct that is formed when 4-ATP 
assembles on copper oxide. In toluene medium, the water formed does not dissolve well in 
toluene and may remain on the copper surface, thereby causing the oxidation of the 4-ATP 
films.  








Figure 4.17 (a) 4-ATP on oxide free copper in ethanol (b) 4-ATP on copper oxide in ethanol 
(c) 4-ATP on oxide free copper in toluene (d) 4-ATP on copper oxide in toluene 
 Figure 4.17 shows the C1s spectra of the 4-ATP modified oxide free copper or copper 
oxide surface from different solvent media. The main peak at 285 eV is due to the simple 
photoemission from C1s orbital. The peak can be deconvoluted to sho ttwo peaks, 0.24eV 
apart. The peak at higher energy corresponds with sp
3
 hybridised carbon that probably came 





carbon in the benzene rings. All the carbon peaks are of equal width and intensity and this 
shows that 4-ATP chemisorbs to similar extent in ethanol and toluene.  
 
Substrate C S C/S 
4-ATP on oxide free copper in ethanol  5789.5 1001.5 5.8 
4-ATP on copper oxide in ethanol  11558.8 3065.6 3.8 
4-ATP on oxide free copper in toluene 63011.5 17607 3.6 
4-ATP on copper oxide copper in toluene 62640 15247 4.1 
Table 4.8 C/S ratio of 4-ATP films on oxide free copper and copper oxide 
The theoretical ratio of C/S is 6 for a 4-ATP molecule and disulphide molecule. For 
all substrates other than 4-ATP assembled from ethanol on oxide free copper, the C/S ratio 
deviates from the theoretical value. This indicates the presence of more sulphur species in 
those samples. The origin of the sulphur or oxidized thiolate species could not be confirmed 
but they could probably be formed from the dissociation of the 4-ATP molecules on the 
copper surface. T.M. Willey et al found that dodecanethiol has a tendency to decompose on 
gold surface when exposed to light and air, forming oxidized thiolates [13]. Hence, the 
samples may have been decomposed slightly upon exposure to the ambient and light prior to 
and during the XPS characterization process. To minimuse decomposition, samples prepared 
are kept in sealed containers wrapped with aluminium foils and kept under argon 










Figure 4.18 (a) Bare copper oxide (b) 1mM 4-ATP in ethanol (c) 1mM 4-ATP in toluene 
 
 
Figure 4.19 (a) Bare Copper (b) 1mM 4-ATP in ethanol (c) 1mM 4-ATP in toluene 
Substrate  Roughness (nm) 
In ethanol medium In Toluene medium 
Bare copper  1.3 1.3 
4-ATP covered 7.4 6.9 
Table 4.9 Roughness of 4-ATP films on copper oxide 
From Figure 4.16 and 4.17, it is shown that when 4-ATP inhibitors were deposited on 
the copper oxide surface through the change in topography before and after deposition. Table 
4.9 shows that the surface roughness obtained is higher compared to the 4-ATP films 
deposited on oxide free copper (Table 4.6).  The greater surface roughness may be due to the 
higher disorder in the films on copper oxide, which is a result of the more complicated 
assembly process of thiol on copper oxide surface. In the deposition of 4-ATP on copper 
(b) (c) (a) 
(b) (c) (a) 
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oxide, 4-ATP removes the copper oxide and forms water as  byproduct, which may have 
interfered with the assembly process, resulting in greater disorder.  
Similar to thiols assembled on copper substrate from toluene medium, the thiols 
assembled on copper oxide substrate from toluene medium produced a smoother topography 
after the assembly process.  
4.3.3 FESEM CHARACTERISATION of 4-ATP MODIFIED OXIDE FREE COPPER AND 
COPPER OXIDE SUBSTRATES 
 
Figure 4.20 FESEM images of 4-ATP films on copper oxide or oxide free copper surface 
 
 Figure 4.20 shows the FESEM images of the films at 30000 and 50000 times 
magnification after deposition of 4-ATP on oxide free copper and copper oxide substrates. 
The films on oxide free copper appeared to form in clusters whereas on copper oxide 
substrate, the images of the 4-ATP films were less clear but with no evidence of clusters.  
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The reasons behind the formation of clusters on oxide free copper are not clear though we 
propose the following reasons: 
 Copper oxide clusters exist on the oxide free copper substrate due to the incomplete 
removal by the acid etch step Because it is kinetically less favourable for 4-ATP to 
assemble on copper oxide surface, there are more films packed on the oxide free 
copper regions compared to the copper oxide regions, resulting in the clusters seen.  
 The films were assembled on oxide free copper surface, which were very rough. The 
films may preferentially deposit themselves inside the grain boundaries or at the top 
away from the boundaries, causing the appearance of clusters due to the non uniform 
deposition.  
 Strong intermolecular forces between the 4-ATP molecules via the benzene ring, 
leading to the clustering of the 4-ATP films.  
It is hard to predict the coverage of the 4-ATP films on the oxide free copper and copper 
oxide substrate from the FESEM images but it is clear that the top most film is not a 
continuous film despite using excess of 4-ATP in the assembly process. As such, there is a 
high chance that defects are present within the film layer. 





4.3.4 EFFECTS OF STIRRING 
 
 
Figure 4.21 (a) After immersion in 1mM 4-ATP in toluene with stirring (b) without stirring 
 
Sample Cu/CuO ratio 
1mM 4-ATP in toluene with stirring 6.22 
1mM 4-ATP in toluene without stirring 6.17 
Table 4.9 Cu/CuO ratio of 4-ATP inhibitor modified copper oxide substrates with and 
without stirring during assembly 
 
The rate of desorption of the byproducts (water and disulphides) from the substrate 
when organothiols assemble on a copper oxide surface is a key issue in ensuring proper 
formation of thiol films on the copper surface. The ease of dissolution of the byproducts in 
the solvent medium determines the rate of desorption. Disulphides dissolve readily in toluene 
while water does not. In addition, toluene is less dense than water and hence, the water 




film may block sites for which more inhibitor molecules could be deposited and also corrode 
the copper surface. Hence, stirring is incorporated to create turbulence and hopefully remove 
the water from the surface to allow assembly to take place. A comparison is made between 
films deposited from non-stirring and stirring conditions. Figure 4.21 shows the Cu2p spectra 
of the two samples after leaving the samples in the ambient for 2 weeks. It is shown that the 
copper to copper oxide ratio is lower in the case where stirring is not implemented; indicating 
that more copper oxide is formed on the 4-ATP modified copper oxide substrate where 
assembly of the inhibitors took place without stirring. The formation of copper oxide may be 
due to the high defect count in the film or oxidation during the deposition process by the 
water formed. Hence, stirring is essential in ensuring proper formation of inhibitor film on the 
copper surface, especially where deposition is conducted on a copper oxide substrate in 









4.4 POST DEPOSITION TREATMENT PROCESSES 
4.4.1 ANNEALING EFFECTS 
 
 Figure 4.21 showed that the molecules appear to take on more vertical 
positions upon annealing, which could be a result of the rearrangement process. Table 4.10 
indicates that with drying and annealing, the roughness of the substrates increased. In most 
literatures [11], annealing tend to smoothen the deposited organic films through increasing 
their mobility and enabling their rearrangement to cover defective sites. In this case, the 
opposite results are produced. The roughness of the 4-ATP inhibitor films increased upon 
annealing. While annealing may increase the mobility of the 4-ATP inhibitors on copper 
oxide surface, hence allowing them to anneal out any defects and thereby decrease the 
roughness, the high temperature involved may bring about other unwanted effects such as 
decomposition. The stability of organothiols on gold were found to be low and that 
decomposition occurs at approximately 50
o
C [11]. The organothiols were found to 
decompose and leave behind S atoms on the gold substrate while the alkyl chain gets 
desorbed. Hence in this case, it may also be possible for the 4-ATP molecules to decompose 
and leave behind S atoms on the copper substrates, hence increasing the roughness of the 
films. The stability of the films will be investigated in a later chapter. The investigation of the 
AFM data collected here together with the available literatures suggests that annealing of 4-
ATP inhibitor films on copper substrate may not be feasible. Hence, there will be no attempt 






Figure 4.22 (a) Substrate blown dry in a stream of nitrogen after deposition (b) Substrate 
dried in vacuum after deposition (c) Substrate dried and annealed after deposition 
 
Post deposition treatment processes for 4-
ATP covered copper substrates 
Roughness (nm) 
Blow dry with a steam of nitrogen 6.9 
Dry in vacuum 7.1 
Dry in vacuum with annealing at 50 deg  7.3 
Table 4.10 Roughness of films after different post deposition treatment processes 
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4.5 FTIR SPECTROSCOPY – COPPER OXIDE AND OXIDE FREE COPPER 
4.5.1 EFFECTS OF SOLVENT ON MOLECULAR ORIENTATION – FTIR 
ANALYSIS 










































Figure 4.23 (a) Bare copper (b) 4-ATP on oxide free copper in toluene (c) 4-ATP on oxide 
free copper in ethanol 
 




3720-3580 O-H stretch 
3550-3230 H-bonding 
3000-3500 N-H stretch 
1597 ring C=C stretch 
1520 N-H out of plane mode 
1495 ring C=C stretch 
1443 ring C=C stretch 
1280 Ring vibration 
1105 CH in-plane mode 
800-900 N-H in-plane mode 
800 C-H out-of-plane bending 
672 Ring torsion 
 
The FTIR reflection spectra of the 4-ATP films on copper and copper oxide substrates 
are shown in Figure 4.23. The infrared band assignments for the films are listed in Table 
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4.11. In spectra 4.23 (b) and (c), there are bands appearing around 1597, 1495, 1443, 1280, 
1105, 800 and 672 cm
-1
. These bands arise from the vibrations of the aromatic ring. This 
provides further evidence that the 4-ATP films are adsorbed on the Cu surface. As p-
polarized light has the electric field polarized almost normal to the metal surface, the absence 
of a significant electric field parallel to the surface results in the surface selection rule that 
vibrational modes parallel to the surface are infrared inactive; only vibrations with a dynamic 
dipole normal to the surface are infrared active [16]. Hence, the observation of the vibration 
of the aromatic ring indicates that the aromatic rings do not adopt an absolutely flat 
orientation but are tilted relative to the Cu surface. Although aromatic rings can absorb on 
most metal surfaces in a flat-lying geometry with the molecular plane parallel to the surface, 
in the case of 4-ATP molecules, competition between the  -electron donation by the 
aromatic ring and the electron-donation by the S atom affects the orientation of the molecule, 
changing it from lying flat to tilting away from the Cu surface hinging on the S-Cu bond. The 
vibration signals of the benzene ring for 4-ATP molecules assembled in ethanol medium is 
stronger, indicating a more perpendicular orientation of the molecules with respect to the 
copper surface compared with 4-ATP molecules assembled in toluene medium. in addition, 
the oscillating bands around 3711 and 3610 cm
-1 
indicate the presence of OH vibrations, 
which are due to moisture from the ambient air in the detection chamber. The N-H groups 
could be detected from the N-H stretch at around 3250 cm
-1






4.5.2 COPPER OXIDE AND ITS EFFECT ON MONOLAYER ORIENTATION- 
FTIR ANALYSIS  























Figure 4.24 (a) 4-ATP on oxide free copper in ethanol (b) 4-ATP on copper oxide in ethanol 
(c) 4-ATP on copper oxide in toluene 
 
When assembly of the 4-ATP inhibitor molecules takes place on copper oxide, the 
intensity of the IR spectra increased, indicating the presence of more inhibitors or the 
orientation of the inhibitors such that they absorb more infrared radiation. However, the high 
thickness of the 4-ATP films when assembled on copper oxide determined in an earlier 
section suggests that the greater absorption of infrared may be due to the thicker layer which 
indicates the presence of more inhibitors. The absorption peaks at 672 and 800, 1280 and 
1597 cm
=1
 (all of which corresponds with the vibration of the benzene ring) still remains 
distinguishable, which confirms the presence of the 4-ATP films on copper oxide substrate. 
The assembly of 4-ATP inhibitors on copper oxide substrate in different solvent medium is 
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also investigated through FTIR analysis. Comparing the FTIR spectra of 4-ATP inhibitor 
molecules assembled in ethanol and toluene medium on copper oxide substrates in Figure 
4.24 (a) and (c), the peaks of the latter (in toluene medium) appears to be more distinct. In 
addition, the peak at 1520 cm
-1
 corresponding to free amine is clearly distinguishable when 
deposition occurs in toluene medium.  As p polarized light was used in the investigation, only 
dipoles perpendicular to the surface will be infrared sensitive. The N-H dipole for the films 
assembled from toluene medium on copper oxide appears to be more distinct, which indicates 





4.6 CONTACT ANGLE ANALYSIS  
  
 Contact angle analysis gives information on the hydrophobicity of the inhibitor films 




Figure 4.25 Contact angle analysis images (a) Oxide free copper (b) Copper oxide (c) 4-ATP 
on oxide free copper in ethanol (d) 4-ATP on copper oxide in ethanol (e) 4-ATP on oxide 
free copper in toluene (f) 4-ATP on copper oxide in toluene (g) EDA on oxide free copper in 
ethanol (h) EDA on copper oxide in ethanol (i) PDA on oxide free copper in ethanol (j) EDA 

















Table 4.12 Contact angles of water droplet on inhibitor films 
Figure 4.25 provides further evidence of the presence of the inhibitor films on the 
copper and copper oxide surfaces. Prior to etching, the presence of grease on the copper 
surface is detected by the high contact angle of the water droplet with the surface. It is 
interesting to note the effect of the solvent on the contact angle of the assembled films. The 
contact angle for the 4-ATP films formed in toluene medium is much higher compared to 
assembly in ethanol medium. The lower contact angle for the 4-ATP films formed in ethanol 
may be due to: 
 Ethanol molecules are adsorbed on oxide free copper substrate. Ethanol has a 
high affinity for moisture and hence lowers the contact angle of the water 
droplet on the 4-ATP films. 
 Poorer coverage of the copper substrate by the 4-ATP films assembled in 
ethanol medium, causing the water droplet to be in contact with the copper 
surface, hence resulting in a lower contact angle.  
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4.7 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 
 
Figure 4.27 shows the Nyquist impedance plots of the copper substrates coated with 
different BT molecules in 0.5 M sulfuric acid. The impedance spectroscopy is based on the 
measurement of the response of the electrochemical cell to an alternating potential of small 
amplitude. Impedance data were analyzed and fitted to the circuit parameters using the non-
linear least square method in the program ECHEM analyst. The electrochemical cell can be 
modeled as an equivalent circuit with a parallel combination of a double-layer capacitance 
(Cdl) and a charge transfer resistance (Rt) in series with a solution resistance (Rs), which 
corresponds to the simplest physical situation at an electrode surface (Figure 4.25). It must be 
emphasized that there will often exist different model circuits that produce identical 







Figure 4.26: An equivalent circuit used for fitting the impedance data. 
 
In a practical electrode system, the impedance spectra were often distorted – 
depressed or elevated semicircles. This phenomenon is known as the dispersing effect [17]. 
Another reason that all the plots shown in Fig. 4.27 exhibit distorted semicircles is possibly 
due to the inherent nature of the substrate (Cu thin film on a semiconducting material – Si), 
since all of them exhibited the same characteristic curves, regardless of having the inhibitors 
on the surface.  Due to the fact that the double-layer did not behave as an ideal capacitor i.e. 
in the presence of the dispersing effect, a constant phase element (i.e., CPE) was used as a 
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substitute for the capacitor in the equivalent circuit to fit the impedance behavior of the 
electrical double layer more accurately [17]. The CPE is a special element whose value is a 
function of the angular frequency, , and whose phase is independent of the frequency. Its 
admittance, CPEY , and impedance, CPEZ , are expressed as: 
n
CPE jYY )(0           (4.8) 
n
CPE jYZ
 )(1 0           (4.9) 
Here, Y0 is the magnitude of the CPE,   is the angular frequency and n is the exponential 
term of the CPE [17]. The CPE may also be used to account for the roughness of the solid 
electrode, whereby the lower the value of n, the rougher the electrode surface. The charge-
transfer resistance, Rt, corresponds to the corrosion rate of a metal in corrosive solutions. A 
smaller Rt corresponds to a faster corrosion rate. Accordingly, the inhibition efficiency (IE) of 










IE          (4.10) 
In this equation, Rt is the charge transfer resistance of the inhibitor-Cu substrate and 
'
tR  is 
that of the bare Cu substrate. The simulated impedance parameters and calculated I.E. of the 
different BT-modified Cu surfaces are shown in Table 4.13. The estimated error for all the 
parameters obtained from the fitted model are all estimated to be <10% after iteration by the 
software.  
It is observed that the charge transfer resistance increases upon the deposition of the 
inhibitor molecules in comparison to bare Cu. The impedance spectrum of bare Cu (Figure 
4.27) exhibits distinct Warburg impedance, which can be attributed to oxygen transport from 
the bulk solution to the Cu surface in aerated electrolyte solutions.  This suggests that the 
corrosion process is controlled by the mass transport of oxygen to the Cu/solution interface 
and indicates that the bare Cu is undergoing active corrosion. The absence of the Warburg 
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impedance on the 4-ATP-modified Cu substrates and their much larger capacitive loops 
indicate that the organic 4-ATP films are resistant toward corrosion.  












Bare 0.9 3.9 0.8 - 
4-ATP on 
copper oxide 
in toluene 2.2 1.8 0.9 58 
4-ATP on 
copper oxide 
in ethanol  1.8 8.0 0.7 48 
PDA 2.1 5.8 0.8 56.5 
EDA 1.0 6.3 0.8 2.1 
4-ATP on 
copper in 
ethanol 2.0 1.2 0.7 54.4 
4-ATP on 
copper in 
toluene 2.6 7.8 0.9 65 
 
Figure 4.27 Nyquist Impedance Plot of difference organic inhibitor films on copper and 




This chapter concludes the following: 
1. 4-ATP inhibitor molecules are capable of depositing themselves on both fresh copper 
and copper oxide surface. 
2. Self-assembly of 4-ATP inhibitors in toluene produced smoother films compared to 
deposition in ethanol. The films also provided more protection against copper 
corrosion compared to the same film formed in ethanol.  
3. The assembly of 4-ATP on copper is spontaneous and takes place within a short 
duration, hence allowing this procedure to be suitable for industrial processes.  
4. Annealing is not suitable for 4-ATP films as the films are prone to degradation in 
heat, light and the ambient. 
5. Single monolayer of inhibitor films are not efficient in providing full protection 
against corrosion and that a second layer of inhibitor films may be deposited to cover 
the defects of the first layer.  
6. Desorption of the byproducts (water and disulphides) from the assembly of 4-ATP on 
copper oxide is an important factor in determining the final roughness, density and 
orientation of the inhibitor films on the surface. 
7. 4-ATP films provided the best protection against corrosion compared with PDA and 
EDA. EDA appear to dissolve copper, forming copper complexes after long duration. 
8. Because of the strong anchoring of 4-ATP on copper substrate, 4-ATP shall be used 
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RESULTS AND DISCUSSION 
DEPOSITION OF THE SECOND LAYER 
            
 This chapter details the characterization results of the self-assembly and spin coating 
of Gantrez (Poly(methyl vinyl ether-co-maleic anhydride) and PMDA (pyromellitic 
dianhydride) on 4-ATP inhibitor molecules, which were self assembled on copper substrate 
as a first monomeric layer. The idea of deposition of a second inhibitor layer carries from 
Chapter 4 where it is discovered that a single layer of inhibitor is insufficient in protecting 
copper from corrosion due to the defects present in the layer. This is especially so where the 
surface morphology of the etched copper substrate may have a direct impact on the quality of 
the 4-ATP film. Deposition of a second layer of inhibitors has been found by several groups 
to cover the defects of the first layer, thereby increasing the resistance to corrosion [3-7]. 
However, no work has been carried out on copper to investigate the effectiveness of having a 
second layer of inhibitors to protect against copper corrosion.  
 In the previous chapter, it is found that 4-ATP inhibitor molecules assembled in 
toluene medium packed better and did not form multilayers. They also provided the best 
corrosion inhibition.  Hence, the substrate used for organic coupling with the second layer is 
4-ATP inhibitor covered fresh copper substrate assembled from toluene medium.  
 Gantrez An and PMDA both contains anhydride groups which are capable of forming 
amide bond with the free terminal amines. Amide linkage is a strong covalent bond and this 
thus ensures that the second layer is strongly bonded to the first layer.  
 
5.1 XPS CHARACTERISATION 
  
Amide linkages could be detected through the XPS N1s spectra. The binding energy 
of amide linkage is 399.96eV whereas that of free amine is 399.4eV. Both spin coated 
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gantrez and PMDA and both self-assembled gantrez and PMDA were characterized using 
XPS.  







Figure 5.1 XPS N1s peaks (a) 4-ATP on etched copper (b) After spin coating of 
PMDA (c) After spin coating of Gantrez 
 
The presence of the amide peak in Figure 5.1 shows the presence of organic coupling 
even when the second layer was spin coated on the 4-ATP layer. The coupling reaction 
occurs at a fast rate. However, the area of the amide peak is significantly lower than the free 
amine peaks, indicating that the reaction was not complete with several of the amine groups 
unattached. From Table 5.1, it is shown that only half of the free amines have formed amide 











Figure 5.2 (a) Gantrez self assembled on 4-ATP (b) PMDA self-assembled on 4-ATP 
(c) 4-ATP on etched copper 
 
When Gantrez and PMDA were allowed to react with 4-ATP for 1 hour in argon 
environment with stirring, more amine terminal groups formed bonds with the anhydride 
groups. A longer time is required for more amide linkage formation, as mentioned by A.Ya. 
Ardashnikov et al [1]. The group immersed an equimolar mixture of phenyl anhydride and 
anilne in solution for reaction to take place for 30 minutes and did not achieve a 100% yield 
[1]. They attribute this to the equilibrium nature of the reaction. The equilibrium can be 
driven to the right through the use of basic solvents which in this case, tetrahydrofuran. More 
basic solvents might have been ideal but copper is not compatible with solvents of high 
basicity [2].  
NHCO/NH peak ratio for Gantrez  NHCO/NH peak ratio for PMDA 
Self assembled Spin coated Self assembled Spin coated 
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0.603 0.5 3.1 0.5 
Table 5.1 NHCO/NG peak area ratios for difference inhibitor modified copper 
substrate 
 
From Table 5.1, it can also be observed that more amide linkages are formed between 
PMDA and 4-ATP compared with Gantrez and 4-ATP. PMDA is a small molecule compared 
with Gantrez which is a long chained polymer. PMDA is therefore free to move in the solvent 
compared with Gantrez, allowing more anhydride groups to bond with the amine groups. It is 
also easier for PMDA to desorb based on the equilibrium process as discussed in Chapter 2. 
Being more mobile, PMDA should be able to form a more uniform layer atop the 4-ATP 
inhibitor molecules by moving around and filling defects in the top layer.  
Gantrez is bulkier and settles on the amine terminated surface quickly. When an 
amide bond is formed, there is a tendency for another anhydride group on the polymer 
backbone to form an amide linkage with another amine group. When two or more amide 
linkages are formed, the polymer is immobilized and less likely to be desorbed from the 
surface. It is also less likely for them to more around to fill up any defects. Because it is a 
polymer, Gantrez blocks out the sites available for more amide linkage to occur due to its 
massive backbone. Therefore, this partially explains the presence of less amide linkages 
formed between Gantrez and 4-ATP.  
 
5.1.1 DETERMINATION OF FILM THICKESS 
 
The approximate thickness of the composite layered film on Cu will be obtained 
accurately from the X-ray photoelectron spectroscopy data using the following equation 
















        (5.1) 
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where )(I  is the relative S 2p3/2 photoelectron intensity (taken from Figure 5.3) from the 
second inhibitor modified Cu substrate,  )(cI  is the S 2p3/2 photoelectron intensity from the 
4-ATP inhibitor modified,    is the detector angle with respect to the surface normal, d is the 
thickness of the inhibitor film and  is the attenuation length of the photoelectrons from the 
Cu substrate. The attenuation length is again taken to be 4.2 nm for photoelectrons with a 
kinetic energy of 1486.71 eV. The intensity of S is taken as opposed to that of Cu for 
calculation due to the possible oxidation to different extent for different samples when 4-ATP 
inhibitor modified are stored prior to deposition of PMDA and Gantrez. Hence, intensity of 
copper is not taken for calculation to prevent inclusion of copper oxide as the overall 
thickness of the composite films.  
The thickness of the inhibitor films is calculated from a plot of ln[I(õ) /Ic(õ)] versus 
1/cos õ, where the slope of the linear regression yields (-d/ì).  The decrease in sulphur peak 
area intensity as seen in Figure 5.3 indicates a thicker organic film formed.  
 
Film Thickness (nm) (spin coated 
second layer) 
Thickness (nm) (self 
assembled second layer) 
4-ATP  1.9 1.9 
4-ATP + Gantrez 15.5 11.1 
4-ATP + PMDA 10.4 9.2 
Table 5.2 Thickness of different second inhibitor spin coated or assembled on 4-ATP 
inhibitor modified copper substrates 
 
The increase in thickness of the films provides an indication of the successful 
deposition of PMDA and Gantrez on 4-ATP inhibitor modified copper substrates. Thicker 
films are formed when both inhibitors are spin coated on the substrates. This is because in 
spin coating techniques, the thickness of the films are dependent on the concentration of the 
inhibitors, viscosity of the inhibitor-solvent mixture and the spinning rate. Higher 
concentration of inhibitors and slower spinning rate results in thicker films formed. On the 
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other hand, self-assembly techniques are self limiting and ensure the deposition of a single 
layer on the substrate. The thickness of 4-ATP- Gantrez inhibitor films is higher compared 
with 4-ATP-PMDA inhibitor films. This may be due to the stronger van der waals’ forces 
between the Gantrez molecules, allowing aggregates to be formed on the substrate. 
Sonication of ten minutes in pure tetrahydrofuran has been performed on the inhibitor 
modified substrates to remove any physically bonded molecules so that the possibility of 
aggregate formation is minimized. The presence of the amide linkage after the sonication 
process indicates that the coupling is a fast process but the extent of coupling depends on 
other factors as discussed in Chapter 2.  









Figure 5.3 (a) 4-ATP on etched copper (b) Gantrez spin coated (c) Gantrez self assembled (d) 






5.2 FESEM IMAGES OF THE SECOND INHIBITOR LAYER 
5.2.1 DEPOSITION OF GANTREZ 
 
Figure 5.4 FESEM images of Gantrez on 4-ATP inhibitor modified copper substrate 
 Deposition of Gantrez on 4-ATP can be observed from Figure 5.4. The coverage is 
not complete but evidence of 4-ATP inhibitors molecules beneath the Gantrez polymer is 
observed. The top polymeric layer appeared to form in clusters. This may be due to the van 
der Waals bonding between the polymers due to the long hydrocarbon backbone of the 
polymer. Unfortunately, we could not perform any annealing step to increase the mobility of 
the Gantrez layer to heal any defects within the inhibitor layer.  
5.2.2 DEPOSITION OF PMDA 
 
 
Figure 5.5 FESEM images of PMDA on 4-ATP inhibitor modified copper substrate 
  
Figure 5.5 provides evidence of the deposition of PMDA on 4-ATP inhibitor modified 
copper substrate. Compared with Figure 5.4, the top layer appears less of a continuous 
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polymeric layer but rather, a densely packed film consisting of individual monomers. Similar 
with Gantrez, the coverage of PMDA on 4-ATP monomers is also not complete. This may 
indicate that the organic coupling reaction did not proceed to 100 percent completion despite 
the inhibitors having been added in excess.  
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5.3 ATOMIC FORCE MICROSCOPY 
 
Figure 5.6 (a) 4-ATP on etched copper (b) PMDA spin coated (c) Gantrez spin coated (d) 
PMDA self assembled (e) Gantrez self assembled 
 
 Figure 5.6 shows the different inhibitor modified copper substrates. A change in the 
topography indicates the presence of organic coupling between 4-ATP with PMDA or 
Gantrez. Figure 5.6 (b) and (c) showed that spin coating generally smoothen the surface of 
the initially rough 4-ATP modified copper surface. Gantrez smoothen the surface to a greater 
extent due to its polymeric nature. Figure 5.6 (d) shows a significantly different topography 
compared with Figure 5.6 (b) though in both cases, PMDA was used as the second inhibitors. 
This shows that the technique of deposition strongly impacts the final topography. Figure 5.6 
(d) implies a more upright configuration of the PMDA molecule on the 4-ATP organic film. 
The smoother topography of the spin coated film is probably due to the multilayered film 
formed during the spin coating process. Figure 5.6 (e) shows evidence of the polymer 
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backbone from the Gantrez polymer. The underlying rough topography of the oxide free 
copper grains is more evident for the self assembled Gantrez inhibitor compared with Gantrez 






















5.4 CONTACT ANGLE MEASUREMENT 
 
 
Figure 5.7 (a) 4-ATP on etched copper (b) PMDA self assembled on 4-ATP inhibitor 
modified copper substrate (c) Gantrez self assembled on 4-ATP inhibitor modified copper 
substrate 
 
Substrate Contact angle (
o
) 
4-ATP on etched copper assembled from toluene 
medium 
93.1 
PMDA self assembled on 4-ATP inhibitor 
modified oxide free copper substrate 
68.9 
Gantrez self assembled on 4-ATP inhibitor 
modified oxide free copper substrate 
71.4 
Table 5.3 Contact Angle of water droplet with different inhibitor modified copper substrates 
 
With reference from Figure 5.7 and Table 5.3, a decrease in the water contact angle 
with the inhibitor modified oxide free copper substrate is observed. This is due to the 
anhydride groups now present in the top layer. Due to the leftover anhydride groups not 
coupled with the amine group of the bottom 4-ATP inhibitors, these groups attract moisture 
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in the ambient and make the inhibitor film more hydrophilic. A hydrophilic film may not be 
favourable for corrosion inhibition and hence a capping layer may be required to react with 






















5.5 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 
 
Electrochemical impedance studies are carried out on the self assembled inhibitor 
films on copper substrate.  
 






Figure 5.9 An equivalent circuit used for fitting the impedance data 
  
Similar to Section 4.11 of Chapter 4, electrochemical impedance study on the 
inhibitor modified substrates is analysed using the same equivalent circuit shown in Figure 
5.9. Another group has used a Helmholtz ideal capacitor model for films of two to eight 
Nyquist plot0501023 0 1000 2000 3000 4000 5000Z imag (ohm)Z real (ohm) 4-ATPGantrezPMDA
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layers, assuming that there are negligible defects [7]. However, the model used for the 
present analysis is more conservative.  
 Figure 5.8 shows that with Gantrez and PMDA deposited, the Nyquist plot displays 
slightly depressed semicircles at high frequencies with less of a straight line oriented at 45
o 
with respect to each axis at low frequencies. The semicircle corresponds to the electron 
transfer limited process while the linear part corresponds to the diffusion process. The 
increase in diameter of the semicircles indicates an increase in the resistance of the organic 
films upon the deposition of the second inhibitor layer. In addition, the linear mass transfer 
region at low frequency is not observed, suggesting that the layer on copper electrode forms a 
barrier that prevents direct approach of the corrosive ions to the copper surface. In addition, 
despite the increase in hydrophilicity of the films due to the anhydride groups as discussed in 
Section 5.4, the corrosion inhibition efficiency is not compromised.  











Bare 0.9 3.9 0.8 - 
4-ATP on 
copper in 
ethanol 2.0 1.2 0.7 54.4 
Gantrez (self 
assembled) -




 5.0 0.8 0.6 81.3 
 
 From Table 5.4, the increase in constant n indicates the increase in roughness of the 
copper surface after self assembly of Gantrez and PMDA on 4-ATP surface. The capacitance 
of the organic films also decreased when the second layer of inhibitors are deposited, 






This chapter concludes the following: 
1. Successful organic coupling takes place between the anhydride groups on Gantrez and 
PMDA with the amine terminals of the 4-ATP inhibitors on the copper substrate. 
2. The organic coupling reaction did not proceed to completion, leaving presence of 
unbounded amine groups from the underneath 4-ATP layer. 
3. Spin coating technique produced smoother organic films compared with self assembly 
technique for deposition of Gantrez and PMDA on 4-ATP inhibitor modified copper 
substrate. However, it is hard to control the thickness to one monolayer using this 
technique.  
4. Gantrez and PMDA alter the hydrophobicity of the double layered organic film.  
5. The second inhibitor layer increased the overall copper corrosion resistance of the 
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RESULTS AND DISCUSSION 
DEPOSITION OF THE CAPPING LAYER 
            
 This chapter details the characterization results of the self-assembly and spin coating 
of aniline and polyallylamine respectively on anhydride terminated copper substrates.  
 In the previous chapter, it is found that Gantrez and PMDA did not couple on 4-ATP 
terminated copper substrate completely. The possible presence of leftover anhydride groups, 
especially in the case of PMDA where each monomer contains two anhydride groups poses 
the concern that these groups may cause the copper surface to become a magnet for moisture.  
 Capping of the anhydride groups is thus proposed. Two capping layers were 
proposed: aniline and polyallylamine (PAA).  
 In this Chapter, the films are deposited in sequence (1) 4-ATP (2) Gantrez or PMDA 
(3) Aniline or PAA with duration between each sequence being no more than 5 minutes. 
Multilayered film assembly is also carried out on copper oxide substrates.  
  
6.1 XPS CHARACTERISATION OF PAA AND ANILINE TERMINATED COPPER 
SURFACES 
 
The organic coupling of the PAA polymers is similar to the organic coupling of 
Gantrez and PMDA to amine terminated copper substrates. In this case, the PAA molecules 
are the species carrying the amine groups which will bind with the free anhydride groups of 
the Gantrez and PMDA intermittent layer to form an amide linkage, Presence of the amide 
linkage provides possible indication of the coupling reaction between the capping layer and 
the intermittent layer.  
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Figure 6.1 XPS N1s spectra (a) 4-ATP –PMDA – PAA on oxide free copper (b) 4-
ATP –PMDA – PAA on copper oxide (c) 4-ATP - GANTREZ – PAA on oxide free copper 
(d) 4-ATP – GANTREZ – PAA on copper oxide  
 
In both Figure 6.1 and 6.2, all the nitrogen XPS spectra showed peaks corresponding 
to the amide linkage at 399.94eV. The amide linkage could come from the bond between the 
first (4-ATP) and second (Gantrez or PMDA) layer or the second (Gantrez or PMDA) and 
third (PAA or aniline). Since there are more anhydride groups available for amide linkage 
formation for the PMDA intermittent layer, we would expect a higher NHCO/NH peak area 
ratio for films with PMDA as the intermittent layer.  
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Figure 6.2 (a) 4-ATP – PMDA – Aniline on etched (b) 4-ATP – Gantrez – Anilne on 
etched (c) 4-ATP – PMDA – Aniline on unetched copper (d) 4-ATP – Gantrez – Anilne on 
unetched copper 
 
Inhibitors NHCO/NH2 peak ratio 
on etched copper 
NHCO/NH2 peak ratio 
on unetched copper 
4-ATP –PMDA – PAA  0.7 0.4 
4-ATP—GANTREZ-– PAA  0.9 0.4 
4-ATP – PMDA – Aniline  1.4 0.6 
4-ATP – Gantrez – Aniline  1.2 1.2 
 
Table 6.1 NHCO/NH peak area ratio for the different inhibitor modified substrates 
 
From Table 6.1 (compared with Table 5.1 of Chapter 5), the increment in the 
NHCO/NH2 peak ratio after the deposition of PAA and aniline implied the successful 
coupling of the capping layer to the intermittent layer. Any decrease in the peak ratio may 
then be attributed to an increase in unbound free amines from the capping layer.  
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In general, it is observed that more amide linkages are formed for inhibitor films 
capped with an aniline layer. This is because aniline forms amide linkage with the anhydride 
groups from the intermittent layer more easily as they are relatively more mobile and are 
assembled via self-assembly technique in which the duration can be controlled to maximize 
the yield of amide linkage. The formation of amide linkage between PAA and its bottom 
inhitor layer (Gantrez of PMDA) however, takes place over a very short duration.  
6.1.1 DETERMINATION OF FILM THICKESS 
 
The approximate thickness of the composite layered film on Cu will be obtained 
accurately from the X-ray photoelectron spectroscopy data using the following equation 
















        (5.1) 
where )(I  is the relative S 2p3/2 photoelectron intensity (taken from Figure 5.3) from the 
second inhibitor modified Cu substrate,  )(cI  is the S 2p3/2 photoelectron intensity from the 
4-ATP inhibitor modified,    is the detector angle with respect to the surface normal, d is the 
thickness of the inhibitor film and  is the attenuation length of the photoelectrons from the 
Cu substrate. The attenuation length is again taken to be 4.2 nm for photoelectrons with a 
kinetic energy of 1486.71 eV. The intensity of S is taken as opposed to that of Cu for 
calculation due to the possible oxidation to different extent for different samples when 4-ATP 
inhibitor modified are stored prior to deposition of PMDA and Gantrez. Hence, intensity of 
copper is not taken for calculation to prevent inclusion of copper oxide as the overall 
thickness of the composite films.  
The thickness of the inhibitor films is calculated from a plot of ln[I(õ) /Ic(õ)] versus 
1/cos õ, where the slope of the linear regression yields (-d/ì).  The decrease in sulphur peak 












Figure 6.3 XPS S2p spectra (a) 4-ATP –PMDA – PAA on oxide free copper (b) 4-ATP –
PMDA – PAA on copper oxide (c) 4-ATP - GANTREZ – PAA on oxide free copper (d) 4-
ATP – GANTREZ – PAA on copper oxide  
 
Comparison made between values of inhibitor film thickness on copper substrate in 
Table 6.2 and Table 5.2 of Chapter 5 indicates an increment in the film thickness, thus 
confirming the presence of the capping layer. However, it can be observed that the thickness 
of the film is lower for PAA capped inhibitor layers and aniline capped inhibitor layers on 
copper oxide compared compared to copper with the inhibitor combination 4-ATP – PMDA 











Figure 6.4 (a) 4-ATP – PMDA – Aniline on copper oxide (b) 4-ATP – Gantrez – 
Anilne on copper oxide (c) 4-ATP – PMDA – Aniline on oxide free copper (d) 4-ATP – 
Gantrez – Anilne on oxide free copper 
 
Substrate  
Thickness (nm) on 
oxide free copper 
Thickness (nm) on copper 
oxide 
4ATP - GANTREZ - PAA  11.9 
8.3 
4-ATP - PMDA - PAA  15.3 
8.6 









Table 6.2 Thickness of the different inhibitor films on copper and copper oxide 
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6.2 ATOMIC FORCE MICROSCOPY 
 
Figure 6.5 AFM 3d topography (a) 4-ATP – Gantrez – PAA on oxide free copper (b) 4-ATP 
– Gantrez – Aniline on oxide free copper (c) 4-ATP – PMDA – PAA on oxide free copper (d) 
4-ATP – PMDA – Aniline on oxide free copper 
 
 A topographical change indicates the presence of the inhibitor capping layer (Aniline 
or PAA) over the bottom inhibitor layer (Gantrez or PMDA). With reference to Figure 6.5 
and 5.6 of chapter 5, the changes in topography confirm that the final capping layer has been 




Figure 6.6 (a) 4-ATP – Gantrez – PAA on oxide free copper (b) 4-ATP – Gantrez – Aniline 
on oxide free copper (c) 4-ATP – PMDA – PAA on oxide free copper (d) 4-ATP – PMDA – 
Aniline on oxide free copper 
 
 It is observed that hill-like features are present only in Figure 6.6 (b) and (d). These 
features appear to be aniline clusters as they take on upright orientations compared with 
PAA. For PAA terminated oxide free copper or copper oxide, the hill like features are absent 
and the vertical height difference between the peaks and the troughs in the cross sectional 
images in Figure 6.6 is fluctuates around 20nm. This is probably due to the long carbon 
132 
 
backbone of the PAA polymer which forms a blanket over the bottom inhibitor layers, 
smoothening out the topography.  
 
 
Figure 6.7AFM 3d topography (a) 4-ATP – Gantrez – PAA on copper oxide (b) 4-ATP – 
Gantrez – Aniline on copper oxide (c) 4-ATP – PMDA – PAA on copper oxide  (d) 4-ATP – 
PMDA – Aniline on copper oxide 
  
 Comparing Figure 6.7 and 6.5, it is observed that the presence of a native copper 
oxide affects the final topography of the inhibitor assemblies. An aniline capped inhibitor 
layer can also be clearly differentiated from a PAA capped inhibitor layer by comparing 




Figure 6.8 (a) 4-ATP – Gantrez – PAA on copper oxide (b) 4-ATP – Gantrez – Aniline on 
copper oxide (c) 4-ATP – PMDA – PAA on copper oxide (d) 4-ATP – PMDA – Aniline on 
copper oxide 
 
 From Figure 6.8, the cross sectional images of the film assemblies on copper oxide 
substrate indicate a lower vertical distance between the peak and troughs compared with 
Figure 6.6, averaging around 20nm with the 4-ATP – Gantrez – Aniline assembly having an 
exception of 60nm. Smoother film assembly is formed on copper oxide substrate due to the 
initially smoother copper oxide surface on which the films were deposited. As shown and 
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discussed in Chapter 4, the roughness of the copper substrate increased significantly after 
acid etching. The exposure of the copper grain boundaries and any non uniform coverage of 
the trenches of these grain boundaries may have resulted in the larger height difference 




6.3 FOURIER TRANSFORM INFRARED SPECTROSCOPY 




























Figure 6.9 (a) 4-ATP – PMDA – PAA on oxide free copper (b) 4-ATP – PMDA – Aniline on 
oxide free copper (c) 4-ATP – Gantrez – PAA on oxide free copper (d) 4-ATP – Gantrez – 
Aniline on oxide free copper 
 
 In spectra 6.9 (b) and (d) , there are bands appearing around 1597, 1495, 1443, 
1280, 1105, 800 and 672 cm
-1
. These bands arise from the vibrations of the aromatic ring. 
This provides further evidence that the aniline molecules are adsorbed on the intermittent 
films. The oscillating bands around 3711 and 3610 cm
-1 
indicate the presence of OH 
vibrations, which are due to moisture from the ambient air in the detection chamber. In 
spectra 6.9 (a) and (c), the adsorption of infrared is low, indicating that the PAA molecules 
























Figure 6.10 (a) 4-ATP – PMDA – PAA on copper oxide (b) 4-ATP – PMDA – Aniline on 
copper oxide (c) 4-ATP – Gantrez – PAA copper oxide (d) 4-ATP – Gantrez – Aniline on 
copper oxide 
 
 Figure 6.10 showed the spectra of the different inhibitor modifier copper oxide 
substrates. Similar trends are observed as compared with Figure 6.9. The absorption of the 
infrared however, is higher for films deposited on copper oxide. The greater absorption may 







6.4 CONTACT ANGLE 
 
 
Figure 6.11 (a) 4-ATP – Gantrez – Aniline on oxide free copper (b) 4-ATP – Gantrez – PAA 
on oxide free copper (c) 4-ATP – PMDA – Anilne on oxide free copper (d) 4-ATP – PMDA 
– PAA on oxide free copper 
 
 From Figure 6.11 and 6.12, it can be observed that a PAA terminated inhibitor film is 
more hydrophobic compared with aniline terminated inhibitor film. This is probably due to 
the extensive carbon backbone of the PAA polymer. A hydrophobic inhibitor film provides 




Figure 6.12 (a) 4-ATP – Gantrez – Aniline on copper oxide (b) 4-ATP – Gantrez – PAA on 















6.5 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 
6.5.1 IMPEDANCE OF FILMS ON COPPER  
 
Electrochemical impedance studies are carried out on the inhibitor films on copper 
substrate.  


























Figure 6.13 Nyquist plot of different inhibitor architecture on copper substrate 
 
From Figure 6.13 and Figure 6.14, it can be shown that the diameter of the semicircle 
plots increased with the multilayered inhibitor films. The greater the diameter of the 
semicircle, the better the corrosion inhibition property the film has. This implies from Figure 
6.13, with reference to Figure 6.14, that the multilayer structure D provided the greatest 






A : 4-ATP – Gantrez  - Aniline 
B: 4-ATP – Gantrez – PAA 
C: 4-ATP – PMDA – Aniline 
D: 4-ATP – PMDA - PAA 












Bare 0.9 3.9 0.8 - 
4-ATP on 
copper in 
ethanol 2.0 1.17 0.7 54.4 
Gantrez (self 
assembled) -




 5.0 0.8 0.6 81.3 
A 6.1 0.3 0.6 84.7 
B 10.0 0.2 0.9 90.7 
C 5.6 0.1 0.9 83.4 
D 12.7 0.5 0.6 92.7 
 Table 6.3 Electrochemical model impedance parameters for different inhibitor 
structures on copper substrate 
 
Table 6.3 clearly shows that the resistance to corrosion increased with more layers of 
inhibitors deposited. The order of resistance to corrosion starting with the highest is D > B > 
A > C. The top two highest in resistance to corrosion inhibitor films had PAA as the final 
capping layer. Referencing to the contact angle measurements data in Section 6.4, films with 
PAA as the capping layer are the more hydrophobic compared to films with aniline as the 
capping layer. Hence, it may be concluded that a hydrophobic surface plays a role in 
enhancing the corrosion inhibition efficiency by repelling moisture and preventing corrosive 
ions from reaching the copper surface more efficiently. 
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It is noted that throughout its entire architecture, structure C does not have any 
polymer layer within the inhibitor structural buildup and showed the lowest corrosion 
inhibition capability. This probably implies that polymer provides greater corrosion inhibition 
as it covers the surface of the underlying metal with its long molecular backbone and it has 
stronger anchoring with the bottom or top molecular layers due to the immobilization of two 
or more amine or anhydride groups with its counterparts, hence reducing the chance of 
desorption of the inhibitors from the surface. Since structure C is comprised solely of 
monomers, the defects occurrence could be higher. Any defects allow ions to penetrate easily 
to corrode the surface of copper.  
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Figure 6.15 Nyquist plot for different inhibitors on copper oxide surface 
 
 The trend of the Nyquist plots for the inhibitors on copper oxide surface is similar 
with that of inhibitors on copper oxide, with structure D (Figure 6.14 (b)) offering the best 
protection against corrosion. However, the resistance to corrosion offered by the films 
deposited on copper oxide surface is lower as compared to films deposited on copper surface. 
This may be due to the integrity of the first anchoring layer, 4-ATP inhibitor film. In Chapter 
4, 4-ATP films deposited in either toluene or ethanol medium on copper substrate provided 
higher inhibition efficiency compared with the same films on copper oxide substrate. This 
may indicate a higher amount of defects within the 4-ATP films on copper oxide substrate. In 
addition, L. Carbonell et al [4] performed a thermal desorption study and discovered that 
organolthiol films assembled on copper oxide substrates desorb at a lower temperature, which 
indicates a weaker bond formed when assembly took place on copper oxide.  Due to the 
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defects and integrity of the first inhibitor layer, the overall inhibition efficiency of the film 












Bare 0.9 3.9 0.8 - 
4-ATP on 
copper oxide 
in ethanol 1.6 1.0 0.6 40.0 
A 2.2 1.8 0.9 57.9 
B 7.0 1.2 0.8 65.2 
C 2.1 2.9 0.7 56.0 
D 7.8 1.2 0.8 88.1 
Table 6.4 Electrochemical model impedance parameters of different inhibitor structures on 







6.6 A COMPARISON WITH BENZOTRIAZOLE AND DODECANETHIOL 
 
Dodecanethiol (DT), which is a linear alkyl chain of twelve carbons, is a widely 
studied and a proven, effective corrosion inhibitor of copper [1,2]. Its excellent barrier 
properties to redox species responsible for corrosion is derived from its strong head group-
substrate thiolate bonding and interchain van der Waals interactions. It forms a densely 
packed quasi crystalline barrier film [1-3] that provides a large coating resistance, and is even 
reported to be able to heal defects by reorientation of its alkyl chains at defective sites [4].  
Benzotriazole are used in CMP processes in semiconductor industries for prevention 
of copper corrosion. Details of Benzotriazole were discussed in Chapter 2.  
6.6.1 CONTACT ANGLE MEASUREMENT 
  









Figure 6.16(a) Contact angle measurement for dodecanethiol film (b) Contact angle 
measurement for benzotriazole 
 
 Both copper substrates with dodecanethiol and benzotriazole films deposited on them 
showed greater hydrophobicity compared with the films from Figure 6.14 (b).  
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6.6.2 ATOMIC FORCE MICROSCOPY 
 
Figure 6.17 (a) Benzotriazole on copper surface (b) Dodecanethiol on copper surface 
 
 Figure 6.17 shows the benzotriazole and dodecanethiol inhibitor films on oxide free 
copper substrate. The presence of the films on the surface is evident.  
6.6.3 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 






















 From Figure 6.18, it can be seen that BTA is highly resistant to corrosion. The 
diameter of the Nyquist plot is greater than the semicircle loop for 4-ATP, dodecanethiol and 
Film C. It is resistant to diffusion of oxidizing species from the electrolyte as evident from 
the absence of a linear tail at the low freguency region.  
From Table 6.6, it is observed that despite having more hydrophobic surfaces for both 
BTA and Dodecanethiol inhibitors, their corrosion inhibition efficiency are  less superior 
compared to that of multilayer film composites D and B and all the composites for the 
respective inhibitor. This could be due to the presence of defects of the first layer which act 
as a pathway for corrosive ions to reach the copper surface. The presence of the defects could 











Bare 0.9 3.9 0.8 - 
4-ATP on 
copper in 
ethanol 2.0 1.2 0.7 54.4 
Gantrez (self 
assembled) -




 5.0 0.8 0.6 81.3 
A 6.1 0.32 0.6 84.7 
B 10.0 0.2 0.9 90.7 
C 5.6 0.1 0.9 83.4 
D 12.7 0.5 0.6 92.7 
Benzotriazole 6.1 4.0 0.7 84.8 
Dodecanethiol 4.4 3.4 0.9 78.7 
Table 6.6 Electrochemical model impedance parameters of different inhibitor structures on 
copper substrate 





This chapter concludes the following: 
1. The capping layers, aniline or PAA are successfully deposited on Gantrez and PMDA 
via organic coupling.  
2. The addition of the capping layer inhibitors PAA and aniline increased the 
hydrophobicity of the organic film developed in Chapter 5. 
3. Roughness of the film can be decreased with a polymeric capping layer. 
4. The overall roughness of the film depends on the initial roughness of the copper 
substrate. 
5. Copper corrosion inhibition efficiency increases with the assembly of more layers of 
inhibitors.  
6. Polymeric inhibitors are provides better coverage and forms more intact films, hence 
offering higher corrosion inhibition efficiency compared to monomeric inhibitors.  
7. Both dodecanethiol and BTA offers good protection against corrosion to copper. 
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RESULTS AND DISCUSSION 
REMOVAL OF ORGANIC INHIBITOR LAYER 
            
 In certain applications, inhibitors have to be removed for further processes to take 
place on the metal being protected. In semiconductor industries where  organic residues can 
be potentially harmful by forming killer defects, it is not only important to ensure that the 
organic inhibitors adhere strongly to the surface but also to ensure availability of 
methodologies to remove these films when protection is no longer required.  
 It is found that no specific method has been developed to remove these corrosion 
inhibitors after a Chemical Mechanical Polishing process. Cleaning methods in 
semiconductor industries include Standard Clean 1 [2] which is used for removing organic 
residues from silicon surface. This method uses a mixture of ammonium hydroxide and 
hydrogen peroxide. However, these chemicals could easily oxidize the copper surface.  
 Hence, this chapter explores the characterization results of two alternative methods 
aimed at removing these organic inhibitors from the copper surface.  
 
7.1 THERMAL GRAVIMETRIC ANALYSIS 
 
 Thermal desorption of the inhibitors from the copper surface is proposed because it is 
a relatively clean method without having to introduce chemicals which could bring in issues 
such as corrosion, contamination and environmental damage. However, thermal desorption 
method is subjected to the thermal budget of the process. In semiconductor processes, at the 
back end of line processes, temperature of processes is kept at 400
o
C and below to minimize 
any unwanted effects (dopants redistribution, melting of metal plugs etch).  
 L. Carbonell et al [1] investigated desorption of benzenethiols from copper surface 





C. As a start, thermal gravimetric analysis is performed on pure inhibitor 
samples (4-ATP - Aminothiolphenol, PMDA – pyromellitic dianhydride, PAA - 
polyallylamine, and Gantrez) to obtain their decomposition temperature and decomposition 
trend.  
  






















Figure 7.1 TGA data of different inhibitor films 
 
 From Figure 7.1, it can be seen that PAA and PMDA decomposes at the lowest 
temperature and decomposes without leaving behind much residues. 4-ATP and Gantrez, 
however, decomposes with residues left behind at temperatures up to 500
o
C. Hence, in the 
thermal desorption study, focus will be placed on removal of 4-ATP films and Film D  in 
Figure 6.14 of Chapter 6. Film D (APP : 4-ATP – PMDA – PAA) is chosen because it has the 








































Figure 7.2 TGA decomposition trend for 4-ATP 
 
 Figure 7.2 shows the decomposition trend of 4-ATP in greater detail. It can be 
observed that the first sign of decomposition occurred at around 80
o
C with a steep change at 
around 142.
o












Figure 7.3 Mass concentration (%) vs temperature of 4-ATP films on copper substrate  
 
 XPS characterization was performed on 4-ATP films subjected to heat treatments of 
increasing temperatures and the mass concentration of the elements in the 4-ATP films are 
plotted against the temperature as shown in Figure 7.3 It is shown that the carbon, sulphur 
and nitrogen concentration decreased with increase in temperature while the concentration of 
copper and oxygen increased.  
 The decrease in concentration of carbon, sulphur and nitrogen with increase in 
temperature could be related to desorption of the inhibitor films from the copper surface. The 
increase in concentration of copper is related to the decrease in thickness of the organic film 
as they are desorbed. The increase in concentration of oxygen is related to the increase in 
exposure of the copper to the ambient with thinner inhibitor film, leading to more active 
oxidation taking place on the exposed copper surface.  
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 It is however, interesting to note the slightly higher concentration of sulphur 
compared with nitrogen though on a 4-ATP molecule, the ratio of S to N is 1:1. There could 
be two reasons for this phenomena (1) 4-ATP molecule decompose with the breakage of the 
C-S bond, leaving S atoms as residue on copper surface (2) outward diffusion of sulphur from 
the copper bulk substrate.  
 A complete removal would be when the concentration of both nitrogen and sulphur 
drop to near zero. However, it is to be noted that sulphur atoms are present in bulk copper due 
to the electroplating process while nitrogen is easily present in the XPS chamber. Hence, a 
reference has to be made with a blank copper substrate without any inhibitor films. Typically, 
a bare copper surface without the presence of inhibitor films had about 46% of copper, 20 % 













7.2  XPS CHARACTERISATION OF COPPER SUBSTRATE 
7.2.1 4-ATP REMOVAL 
 
 The XPS spectra of 4-ATP films subjected to heat treatment (200
o
C for 10 minutes) 
and stripping bath treatment (detailed preparation methodologies mentioned in Chapter 2 and 
3) are shown in Figures 7.4 to 7.7. 






Figure 7.4 XPS Cu2p (a) 4-ATP covered copper substrate (b) After heat treatment at 200
o
C 
(c) After immersion in stripping bath 
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Figure 7.5 XPS C1s (a) 4-ATP covered copper substrate (b) After heat treatment at 200
o
C (c) 
After immersion in stripping bath 







Figure 7.6 XPS N1s (a) 4-ATP covered copper substrate (b) After heat treatment at 200
o
C (c) 
After immersion in stripping bath 
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Figure 7.7 XPS S2p (a) 4-ATP covered copper substrate (b) After heat treatment at 200
o
C (c) 
After immersion in stripping bath 
 
 The changes of the individual elemental peaks can be summarized as follows: 
1. Intensity for C, N, S peaks showed decrease after heat or stripping bath treatments. 
2. Intensity of Cu peaks increased after the treatments. Satellite peaks coming from 
Cu(II) species are present after cleaning treatments. 
3. Shifts and broadening of C, N and S peaks indicate modifications to the inhibitor 




Figure 7.8 Peak intensities of individual elements within the 4-ATP films after different 
cleaning treatments 
 
 Figure 7.8 compares the peak intensity of the elemental species (C, N, S, Cu) before 
and after the different treatments and it can be observed that heat treatment is more efficient 
in the removal of 4-ATP films from copper surface as the intensity of the copper peaks 
increased significantly after the treatment.  The decrease in sulphur and nitrogen peak 
intensity is also evident. The increase in carbon intensity after the stripping bath treatment 
may be due to adventitious carbon or the components of the stripping bath.  
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7.2.2 REMOVAL OF 4-ATP – PMDA – PAA (APP) FILM COMPOSITE 







Figure 7.9 (a) APP covered copper substrate (b) After heat treatment at 200
o
C (c) After 
immersion in stripping bath 







Figure 7.10 (a) APP covered copper substrate (b) After heat treatment at 200
o
C (c) After 
immersion in stripping bath 
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Figure 7.11 (a) APP covered copper substrate (b) After heat treatment at 200
o
C (c) After 
immersion in stripping bath 
  
The trend of the XPS spectras for Film 6 (APP) is similar to that of 4-ATP films as 
shown in Figure 7.9 – 7.11. However, an interesting observation to be noted is the effect of 
heat treatment on the APP film. The FWHM of the nitrogen peaks appeared to decrease with 
heat treatment. This suggests that the possible mechanism in removal through heat treatment 
is that of a layer by layer removal. The singular carbon and nitrogen peaks after the treatment 
implies a single type of inhibitor film left over on the surface after the treatment. From Figure 
7.11, it is interesting to note that even copper (II) oxide on the aged APP film is removed 




Figure 7.12 Peak intensities of individual elements of APP after different cleaning treatments 
 
 From Figure 7.12, it is noted that the heat treatment process is still superior to the 
stripping bath method. However, in heat treatment, the sulphur content left is higher 
compared with stripping bath method and this could be due to the out diffusion of sulphur 
atoms from the copper bulk during the heating process.  
 Comparing both removal methods on 4-ATP and 4-ATP-PMDA-PAA composite 
films, the percentage change in the peak intensity of the elements of the films are compiled in 
Table 7.1. The percentage change is computed using the following equation 7.1. 
Percentage change = (Area of X peak after treatment – area of X peak before treatment) / 







Removal method   
Percentage change % 
  
  Inhibitor Cu N S C 
  4-ATP 20 -20 -20 40 
Stripping bath 
method APP 19 -16 -18 42 
  4-ATP 700 5 5 -25 
Heating method APP 650 -2 8 -20 
Table 7.1 Percentage change in elemental concentration of inhibitor films after treatment 
 
 These are no clear evidence that the inhibitor films are completely removed by the 
proposed methods. However, the issue of leftover inhibitors on copper interconnects are not 
specifically addressed in industries and the proposed methods may thus be useful for 
revisiting the organic contamination issue as they show capability in the removal of the films. 
Fine tuning of the methods may be required to ensure complete removal of the inhibitor 
films. For example, a combination of both methods may be used. The duration of heating, 






 This chapter concludes the following: 
1. Both heating and stripping bath method were explored in removing 4-ATP films and 
4-ATP – PMDA – PAA (APP) films from oxide free copper substrates. 
2. Heating method uses fewer chemicals and is more environmentally friendly and safe 
for the copper substrates. However, the temperature and duration of heating depends 
on the thermal budget and process.  
3. Stripping bath method removed fewer of the inhibitor films compared to the heating 
method.  
4. Both methods proposed showed no clear evidence of complete removal of the 
inhibitor films from oxide free copper substrates. Fine tuning and further investigation 
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 Copper faces corrosion issues due to its susceptibility to oxidation. Protection of 
copper against corrosion is important in several industrial processes. The project emphasizes 
on the characterization and protection of copper against corrosion through self assembly or 
spin coating of inhibitors. Benzotriazole and dodecanethiol are widely used for copper 
corrosion protection due to the ease of assembly and their high inhibition efficiency. 
However, defects are present in single inhibition layers which act as pathways for corrosive 
species to find their way to the copper surface. This project explores the building of 
multilayers of inhibitors through organic coupling to amend the defects of the first layer. 
Capping layers are used to cover any remaining functional groups that were not involved in 
organic coupling between the first anchoring layer on copper and the second layer. Functional 
groups which have a high affinity for moisture must be covered with the capping layer to 
make the surface hydrophobic.  
 The project begins with an in-depth analysis on choosing the best first anchoring layer 
and factors during deposition which could affect the final integrity of the inhibitor film. It is 
found that 4-ATP is a better inhibitor molecule of choice compared with EDA and PDA for 
which the latter both forms weaker bond with copper and may even form copper complexes 
after prolonged exposure of copper to these inhibitor molecules. 4-ATP is found to have the 
added advantage of being able to remove copper oxide during the formation of thiolate bond 
with copper. 4-ATP assembles with a free amine terminal end which is used for organic 
coupling with polymers or monomers with anhydride groups. The solvent type for the 
assembly process is also explored and it is found that toluene is a more superior solvent 
compared with ethanol.  
165 
 
 Polymeric and monomeric anhydrides (Gantrez and PMDA) are chosen so that 
comparisons can be made on the inhibition efficiency of polymers compared with monomers. 
Polymers anchor more strongly compared to monomers, making the film more intact.  
 The molecules chosen for the final capping layers are polymeric and monomeric 
amines (Aniline and PAA). In all, four different architectural inhibitor structures are formed 
(Figure 6.14 (b) of Chapter 6).  
 The inhibition efficiency of the films are analysed using Electrochemical Impedance 
Spectroscopy. It is found that with more films deposited, inhibition efficiency increases. 
Inhibition efficiency of Film D (4-ATP – PMDA – PAA) is found to be the highest. This may 
due to the polymeric capping layer which provides a good line of defense against corrosive 
species due to their extensive carbon backbone which are hydrophobic and covers the surface 
more extensively compared with monomeric capping layer. Film structures with no polymers 
are found to have the lowest corrosion inhibition efficiency. Comparisons are made between 
these structures with Benzotriazole (BTA) and Dodecanethiols, which are common corrosion 
inhibitors. It is found that only two structures (D and B) have inhibition efficiency that 
exceeds that of BTA while all film structures are has higher inhibition efficiency than that of 
dodecanethiol. This shows that BTA is still a very effective corrosion inhibitor.  
 Removal of the inhibitor films is explored in the last chapter. Two methods were 
used: Heating and chemical stripping bath. It is found that the heat treatment is more effective 
in the removal of the inhibitor films, though complete removal has not yet to be achieved. A 
combination of both methods may be used to remove the inhibitor films more thoroughly.  
 
 
